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> hm current year has been marked by a re- 
vival of activity in construction of refinery 
processes, refining plants and natural gasoline 
plants to an extent that the total work has not 
been equalled by any year 
. since 1929. Although 1936 
Construction has seen completion of a 
number of major programs 
of modernization and expansion, much work 
still remains for finishing in 1937. Further, many 
companies have spent their appropriations for 
1936 and are now awaiting the turn of the year 
before entering into additional work. 

An analysis of present trends in refining will 
show that progress demands still further im- 
provement, expansion and general replacement 
of processes. In the cracking field, for example, 
a few companies have installed newer type of 
more efficient units during 1936, but there are 


many more where this work has not yet been. 


undertaken. The combination type of unit which 
can process crude oil, crack the gas oils or re- 
duced crudes and reform the naphthas at operat- 
ing costs well below those secured by older 
cracking units will go into a number of refineries 
during the next few years. 

Polymerization, for all of its “reported” hesi- 
tancy, is coming more rapidly than many believe. 
There has been apparently a growing feeling on 
the part of many in the industry that it would 
be well to wait until several of the units under 
construction and operating, from which perform- 
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ance records could be taken, before widespread 
activity in construction should be undertaken. 
However, reports from those engaged in licens- 
ing and erecting such units discredit such reports 
and indicate that many more concerns than is 
generally known are proposing construction of 
such facilities at much earlier dates than some 
would believe. 

Increased activity in cracking unit construc- 
tion and polymerization unit erection, coupled 
with some activity in distillation and vacuum 
distillation equipment has brought about a con- 
dition where materials are hard to get on the 
job. Many current programs have been held up 
because of difficulty in securing delivery of 
steel, refractories, piping, concrete, brick, and 
other essential items, it is reported. A condi- 
tion of that nature, coupled with the usual “end 
of the year” slowing down and the usual pref- 
erance for building during the spring and sum- 
mer months, contribute to an expected slowing 
down of activity over the coming winter. That 
it will be revived early in the spring of 1937 
is a foregone conclusion, or else a great many 
men working over a mass of drawings are wast- 
ing time for a large number of companies. 

Another field of activity where some commen- 
tators have been prone to feel that work was 
fairly well completed is that of solvent extrac- 
tion and solvent refining, solvent deasphaltizing 
and other solvent process applications. A look 
into the field of activity, which has been mark- 








edly important during the past two or three 
years, reveals that such construction in the 
lubricating oil department of the refineries of 
the world is but about 50 percent completed. 
There is to be a revival of construction of this 
nature in 1937. 

The natural gasoline division of the industry, 
insofar as construction is concerned, took upon 
itself the task of erecting more plants this year 
and of improving more plants, than in any single 
year since the depression descended upon the 
country. The task of improvement is not yet 
complete. As in past years the new plants of 1937 
will more than likely follow the drill, and where 
gas is available for processing, new plants will 
be erected. 


HE series of regional meetings of refiners 

sponsored by the manufacturing committee 
of the Western Petroleum Refiners Association 
which have been held during the past few weeks 
have proven of real value. Each 
of the district meetings held 
in Wichita, Tulsa, Fort Worth 
and Shreveport, have been well 
attended. In each district subjects have been 
chosen for presentation which were devoted to 
timely and interesting subjects in the respective 
territories. The invitation on the part of the 
association to all refiners, whether they were 
members or not, has been accepted. Reports 
from each of the four meetings of the series 
have been gratifying to the association, and 
those in attendance have stated that the group 
sessions were well worth while. This action on 
the part of the association and on the part of 
those giving their time to the preparation of the 
papers, is certainly commendable. There should 
be no question but that the periodic holding of 
these regional meetings should be continued, 
as no doubt they will be. 

The experience of the former Louisiana-Ar- 
kansas Refiners Association, now the Ark-La- 
Tex division of the Western Petroleum Re- 
finers Association, which group has been hold- 
ing monthly technical meetings in Shreveport 
and El Dorado during recent years, points to 
the value which can be received by these fre- 
quent sessions for interchange of ideas. Like- 
wise the monthly meetings of the California 
Natural Gasoline Association, which have been 
in progress for the past several years, denotes 
that sustained interest can be secured. Men like 
to get together and exchange views. The value 
to be secured from such meetings is easily mea- 
sured. Management should sincerely endorse 
such programs and not only permit attendance 
upon the part of the men, but insist upon it. 


Group 


Meetings 


The recent Western Petroleum Refiners As- 
sociation meetings have been interesting. At 
these sessions men well qualified to speak have 
presented for discussion valuable papers dealing 
with such subjects as desalting of crudes, the 
trend in cracking process design and operation, 
motor fuels from catalytic treatment of cracked 
gases, thermal polymerization, balloon vapor re- 
covery systems, color stability of gasoline, eco- 
nomics of gasoline versus tractor fuel, corrosion 
of heat exchangers and condenser tubes, pe- 
troleum testing methods, gum inhibitors, clay 
treating processes, disposal of refinery wastes, 
and furnace design. Such a line-up of timely and 
interesting topics augurs well for future efforts 
along these lines. And the rapid progress in en- 
gineering and technical development in this in- 
dustry makes for real and lasting value being 
secured from such gatherings. 


66a T TIMES we are inclined to feel that the 

A\ industry is thoroughly conscious of its ter- 
rific tax burden. However conscious we may be, 
we are brought face to face with facts developed 

from time to time which should 
On shock not only every member of 
the industry, but all its custom- 
ers as well. 

“Recently the American Petroleum Industries 
Committee, utilizing census figures and tax data, 
revealed that roughly one third of service-station 
income is collected for governments—local, 
state, and federal—in taxes. This figure stand- 
ing by itself may not immediately appear start- 
ling; but, when its significance is appreciated, 
it should give everyone pause for thought. Those 
who are engaged in serving the public with 
petroleum products do so in the hope of making 
a return therefrom. They invest their time and 
funds to obtain that return; yet virtually every 
third dollar of their gross revenue is taken by 
government in taxes. To put it another way :— 
measured by the return, a third of the invest- 
ment, a third of the work, a third of the time 
yields revenue exclusively for government. 

“Tt is hoped that employees will understand 
how taxes affect their employment and income. 
Ultimately, the amount of productivity must 
govern employees and employment. One third 
of the employees’ productivity is taken by taxes. 
The average tax load is about $1,222 per petro- 
leum-industry employee per year. With the cen- 
sus figures revealing that for each $4,700 of 
business service stations, on the average, give 
employment to one worker (either proprietor or 
paid employee) it is possible that work for 
187,000 additional employees could have been 
provided by the tax moneys. Indirectly, addi- 

(Continued on page 55a) 


Taxes 


Refiner & Natural Gasoline Manufacturer—V ol. 15, No. 11 












The Problem of the 


Rational Utilization of Petroleum 


and of Petroleum Distillates 


VY. N. IPATIEFF 


Universal Oil Products Co. 
Research and Development Laboratories 


OLLOWING the history of the petroleum indus- 

try from its very beginning, nearly a hundred 
years ago, when the Dubinin Brothers’ made their 
first attempts to distill kerosene from petroleum, it is 
possible to divide its development into distinct peri- 
ods. 

These periods were determined by the fuel market 
and by the applications of petroleum distillates in 
other branches of industry. 

Petroleum quickly found a wide application in in- 
dustry as a fuel. But since illuminating oils and 
high-boiling products such as lubricating oils were 
also desired, it became necessary to work out im- 
proved methods for the distillation of petroleum, 
leaving for fuel only the residues which could not be 
used for other purposes. 


THE DISTILLATION PERIOD 


This first period of the development of the petro- 
leum industry can be called “the distillation period,” 
and it lasted from the sixties of the last century to 
the beginning of the World War. 

During this time the attention of the technologists 
was concentrated upon the fractional distillation of 
petroleum and the purification of its distillates. The 
chemistry of petroleum was in an embryonic state, 
and the industry was not interested in it. The main 
objects were the production of petroleum and the 
discovery of its underground reserves — problems 
suited to engineers and geologists rather than chem- 
ists. 

It may be worthwhile to give an example of the 
lack of interest shown by the leading oil men of Rus- 
Sia in a more rational utilization of petroleum. In 
1911, I was consultant to Nobel Brothers Company ; 
and I suggested, together with Gurwitsch, their chief 
chemist, that they study the cracking of certain pe- 
troleum fractions for which there was no demand. 
The executive board replied that they were willing 
to ‘urnish the means for doing this research in my 
laboratory at the Artillery Academy, but that they 
did not see much practical value in the subject. Such 
an answer was justified from a commercial point of 
view, since oil companies at that time were making huge 
proiits by merely selling “straight-run” distillates. 


‘owever, leading chemists began to be interested 
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VLADIMIR N. Ipatierr, of the Universal 
Oil Products Company, Riverside, Illinois, 
delivered the accompanying paper at the 
Division of Refining group session 
Wednesday morning, November 11, in con- 
nection with the American Petroleum In- 
stitute’s Seventeenth Annual Meeting at 
Chicago. 

Dr. Ipatieff began research work in 
catalytic reactions under high pressures 
with organic matters in 1900, working in 
the laboratories of the Academy of Artil- 
lery at St. Petersburg (now Leningrad), 
Russia. He successfully undertook orig- 
inal research in separating metals from solutions by means of 
hydrogen. In 1905 he introduced high pressures in polymeriza- 
tion of ethylene and other olefins. Continuing his studies of 
polymerization in the presence of various catalytical agents, 
Dr. Ipatieff found an agent which permits of the transformation 
of a portion of the gases from the cracking operations, con- 
taining olefins, into high-octane gasoline. 

Dr. Ipatieff, after graduating from the Academy of Artillery, 
served in the World War with the rank of general. He was in 
charge of all chemical work for the Russian government. He is 
a Commander of the Cross of tke Legion of Honor, and has 
other decorations. He is a member of numerous scientific 
socteties throughout the world, and also of the faculty of 
Northwestern Umversity. 





in the composition and origin of petroleum. Men- 
deleeff was the first to realize the tremendous impor- 
tance of petroleum as a potential source of organic 
compounds. Knowing that geological investigations 
cannot give definite figures concerning the actual 
amount of the oil reserves in any locality, he gave 
a warning that petroleum is too valuable to be used 
chiefly as fuel. 

Markovnikov was among the first to study the 
composition of various petroleums. He proved that 
Baku oil contains naphthenes, i.e., hydrocarbons with 
a ring structure, which differed from the open-chain 
paraffin hydrocarbons found in Pennsylvania oil. 

Numerous investigations made during this time in 
the United States, Russia, and other countries con- 
cerned themselves not with the chemistry of petro- 
leum, but rather with its technology. 

The reason for the lack of study in petroleum 
chemistry was mainly the chemical inertness of paraf- 
finic and naphthenic hydrocarbons. The benzene hy- 
drocarbons found in coal tar differ greatly from the 
petroleum hydrocarbons. The benzene hydrocarbons 
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are reactive, and by the methods of organic synthesis 
could be readily converted into valuable products 
such as dyes, drugs, and explosives. 

The study of petroleum chemistry was brought on 
by the World War and by the development of high- 
power engines for the automobile industry, and later 
for aviation. 

The production of gasoline by ordinary distillation 
of petroleum had become inadequate. This was first 
felt during the war, and it was at this time that the 
cracking process, i.e., thermal decomposition of pe- 
troleum with the purpose of increasing the propor- 
tion of low-boiling constituents at the expense of the 
high-boiling ones, received considerable attention in 
the United States. 


THE CRACKING PERIOD 


In Russia, during the war, tremendous quantities 
of petroleum were subjected to pyrolysis, and thou- 
sands of tons of aromatic hydrocarbons (benzene, 
toluene, and xylene) were produced for the manufac- 
ture of explosives. 

This period in the development of the petroleum 
industry can be called “the cracking period,” be- 
cause the cracking process in a short time found 
broad application in the United States and later in 
other countries. Present conditions of the petroleum 
market are such that it is profitable to crack a high 
percentage of crude petroleum, since the cracking 
process makes it possible to obtain up to 70 percent 
yields of good gasoline. 

Although, at first glance, the reactions involved in 
the thermal decomposition (“cracking” and “pyroly- 
sis”) of petroleum hydrocarbons may appear to be 
simple, in reality they are very complex—because 
numerous reactions take place simultaneously. 

The development of the petroleum industry gave 
the impulse to scientific chemical research in this 
field. It had become necessary not only to determine 
the most favorable factors of time, temperature, and 
pressure for the cracking of various kinds of oil, but 
also to begin research on the actual reactions taking 
place in cracking. There are two dominating reac- 
tions in the cracking process: 1, decomposition of 
hydrocarbons into fragments and dehydrogenation ; 
2, re-combinations or secondary reactions. These two 
main reactions attracted the main attention of chem- 
ical thought. 


In the laboratories of the United States, and to 
some extent in other countries, numerous investiga- 
tions were made on the thermal decomposition of in- 
dividual hydrocarbons of various kinds, particularly 
paraffins. These interesting investigations indicate 
the trend of thought of chemists in determining the 
manner in which hydrocarbon molecules decompose 
under high temperatures. 


In this, research effort was made to determine the 
strength of various bonds between carbon and hy- 
drogen and carbon to carbon in hydrocarbons of vari- 
ous structures, and to develop a “theory of the rad- 
icals” which would make it possible to predict from 
thermodynamic calculations the manner in which 
molecules of a given hydrocarbon would break at a 
given temperature. 


It cannot be denied that abundant scientific ma- 
terial has been collected during recent years in con- 
nection with the study of the thermal decomposition 
of hydrocarbons which gives us valuable information, 
theoretical and practical, concerning the stability of 
various hydrocarbons. This also leads us to new ideas 


concerning the more rational utilization of petroleum 
hydrocarbons, so as to obtain from them hydrocar- 
bons with more valuable properties and to convert 
them into other classes of organic compounds. 


THE CATALYTIC PERIOD 


Industrial organic chemistry, watching the devel- 
opment of the petroleum industry during its second 
or “cracking” period, soon took notice of the profits 
which could be made by utilizing the products of 
cracking as starting material for organic synthesis, 

The first to be utilized were the olefins in cracked 
gases, which were converted into alcohols, ketones, 
etc.; but we now face the important question whether, 
under present conditions of the market and of other 
branches of chemical industry, we can stop at this 
stage of the development of petroleum products and 
with these methods which now are almost generally 
accepted. 

My purpose is to answer this question, and to show 
that at the present time we are entering the third 
period of the development of the petroleum industry, 
which should be called “the catalytic period.” 


In order to show the necessity and usefulness of 
introducing new catalytic methods in the petroleum 
industry, I shall illustrate by an example from or- 
ganic technology, which will immediately show you 
the advantages which could be obtained by substitut- 
ing a delicate catalytic method? for a rough thermal 
one. 

Thirty-five years ago no one could explain why the 
pyrolysis of alcohols at 400-600°C. yields various 
products such as hydrogen, carbon monoxide, alde- 
hyde, methane, etc. 

The thermal decomposition of alcohols, especially 
ethyl and isoamyl alcohols, had been studied by many 
outstanding chemists for almost 100 years, but not 
one of them could explain in what way the decompo- 
sition took place and why such diverse products were 
obtained. 

However, after the author had discovered that cer- 
tain catalysts influence the decomposition of organic 
compounds at high temperatures, it was possible not 
only to understand the exact manner in which the 
decomposition proceeds, but also to obtain selective 
action by various catalysts. 

We were able to establish, from the very beginning 
of our investigations, that some metals and their oxides 
promote “aldehyde” decomposition of alcohols; that 
other oxides promote “ethylene” decomposition ; and 
that still other oxides make it possible to obtain di- 
olefins from the alcohols. 


A catalyst causes the decomposition of an organic 
compound to take a certain direction, due to its spe- 
cific chemical and physical properties. Taking into 
consideration the most vital problems facing the pe- 
troleum industry, we believe that a new period of its 
development has begun, viz., the catalytic period. 

The necessity of introducing catalysis for obtain- 
ing various products from petroleum is evident from 
both the scientific and the economic points of view. 
We know that catalytic methods have great advan- 
tages, and they already occupy a firm place in chem- 
ical industry. 


In the petroleum industry they will be perhaps 
even more important, since the reserves of this valu- 
able raw material should be conserved by using them 
to better advantage. Therefore, the more rational 
utilization of petroleum constitutes a problem of 
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great importance for the chemist as well as for the 
engineer. 

You are well aware of the controversy concerning 
the extent of the petroleum reserves in the earth. 
This question, of course, is closely connected with 
the hypothesis of the origin of petroleum. I think 
that I am not mistaken in saying that the majority 
of chemists, geologists, and biologists accept the or- 
ganic hypothesis of the origin of petroleum. 

Have we sufficient ground to form conclusions as 
to the actual amount of the petroleum reserves? This 
has an important bearing on the rational utilization 
of crude oil. This question divides geologists and 
chemists into two groups. Some® consider that the 
petroleum reserves are very limited, and that in the 
United States there will be enough for only 5 to 8 
years. Others* insist that the petroleum reserves 
have been carefully estimated, and that there is no 
danger of shortage in the immediate future. 

We think that both sides have arguments worthy 
of consideration. 

Those who say that the petroleum reserves are 
small induce us to regard the use of it as fuel, as well 
as raw material, with greater care. 

On the other hand, the data presented to prove 
that we possess enormous reserves of petroleum are 
not convincing. All previous estimations of the oil 
reserves in the Baku region proved to be wrong.® 
Economic methods of utilization must, therefore, be 
chosen ; and, for this reason, catalysis must be intro- 
duced into the petroleum industry. 

In order to convince you that the catalytic period 
has become a reality, we shall mention several cat- 
alytic processes which are in commercial operation. 

Figure 1 lists the most important types of catalytic 
reactions of the various hydrocarbons found in petro- 











FIGURE 1 
Catalytic Reactions of Various Petroleum Hydrocarbons 


leu. _These reactions at the present time are being 
4 ‘stigated in various scientific and research labor- 
atories, 
€ are in a position to say that all reactions listed 
igure 1 will find broad application in the petro- 
leun industry. Our laboratory experiments fully 
Justify this statement. 


in 


November, 1936—A Gulf Publishing Company Publication 








Some of these reactions, viz., straight polymeriza- 
tion® and also selective and mixed’ polymerization, 
are already applied on a large scale; and hundreds of 
thousands of barrels of excellent gasoline, with high 
octane number, are being produced in the United 
States by these reactions. _ 

Although the method of polymerization of olefins 
under pressure,® and without the use of a catalyst, is 
also employed in some plants, a careful consideration 
of the comparative merits of these two methods 
brings us to the conclusion that the catalytic method 
has numerous advantages over the method where 
temperature and pressure alone are used. 

No one can deny that with the use of a catalyst we 
are able to produce, by means of selective polymeriza- 
tion and catalytic treatment of olefins, a very gocd 
yield of special gasoline for aviation. This gasoline 
has an octane number of about 100, without addition 
of any tetraethyl lead. 

Polymerization at high pressures and temperatures, 
but without a catalyst, cannot produce such a good 
yield of aviation gasoline. Catalytic methods, with a 
carefully-selected catalyst, are sometimes actually 
capable of producing theoretical yields—which has 
never been possible by pyrolysis. Catalytic methods 
permit us to select from the mixture of substances 
only those which we need, without ruining the others 
which can be subsequently utilized for polymeriza- 
tion. 

When pyrolysis of paraffins, rather than catalytic 
dehydrogenation, is employed for the production of 
olefins, all the experiments and calculations show 
that the yield of the olefins is considerably lower, 
and that the hydrogen is contaminated by such gases 
as methane, ethane, etc., which diminishes its value 
for hydrogenation. 

Another new and important catalytic reaction in- 
vestigated in our laboratory is the direct alkylation 
of paraffins and naphthenes by the olefins.® This re- 
action is superior to the Friedel and Crafts reaction, 
which requires a preliminary preparation of alkyl 
halides and makes it possible to introduce the radi- 
cals into the molecules of certain hydrocarbons only 
through their agency. 

For example, the alkylation of isobutane produces 
directly a good yield of isooctane having a high octane 
number. By this method we can produce various satu- 
rated hydrocarbons of isostructure, such as isoheptane, 
isodecane, etc. Data obtained in our laboratory give us 
the assurance that this process of synthesis of high- 
octane-number paraffins could be utilized on a com- 
mercial scale. The advantages of this method are 
obvious. Further investigations of this reaction undoubt- 
edly will make it. possible to commercialize this method, 
and we hope that the future industry will adopt it. 

To further emphasize the importance of catalytic 
methods for the petroleum industry, we can compare 
the present “reforming” process for increasing the 
octane number of gasoline with proposed catalytic meth- 
ods of auto-destructive alkylation and catalytic isomeri- 
zation of hydrocarbons. 

Undoubtedly, the reforming process considerably im- 
proves the quality of gasoline; but, as with any pyrol- 
ysis, it is accompanied by the formation of gases such as 
methane, ethane, etc., and of other normal paraffins. 

By merely subjecting hydrocarbons to further pyrol- 
ysis, we cannot utilize them as efficiently as by cata- 
lytic reactions with other hydrocarbons. 

The more delicate method of catalytic destructive 
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alkylation will allow us to treat saturated hydrocarbons 
in such a way that the gasoline produced will have a 
high octane number, and the gases will contain a very 
important hydrocarbon, isobutane, which is so desirable 
for alkylation. In the future the by-products of petro- 
leum will be utilized in a more efficient manner, and all 
waste will be eliminated. 

Cracking, which at the present time is applied on 
such a large scale, will probably be modified by the in- 
troduction of catalysis. Since the various hydrocarbons 
contained in petroleum will require different conditions 
of time, temperature, pressure, etc., for catalytic de- 
composition and isomerization, it is probable that “selec- 
tive catalytic cracking” will be necessary—starting with 
specific distillates for each operation. 

I shall not discuss, in this article, the high-boiling 
petroleum distillates from which lubricating oils are 
obtained. This branch of the petroleum industry has 
employed for a number of years the catalytic method 
of destructive hydrogenation for the purpose of obtain- 
ing good lubricating oils from petroleum distillates 
which otherwise had no application in industry. Also, 
the catalytic polymerization of olefins to synthetic lu- 
bricating oils, by means of active catalysts such as alumi- 
num chloride, is being used. 

The above examples are sufficient to convince us that 
further progréss in the petroleum industry must be 
achieved by the introduction of catalytic methods so 
that this precious raw material, petroleum, which exists 
in the earth in limited quantity, may be utilized in the 
most rational manner. Recent scientific and technical 
publications, particularly in the United Sates and 
Russia, confirm the arrival of the “catalytic period” 
in the development of the petroleum industry, and it is 
evident that chemistry will be increasingly important. 

Science does not stop in its development ; and we may 
expect that, simultaneous with the growing application 
of catalysis in organic chemistry, there will appear new 
ways for the synthesis and decomposition of organic 
compounds. 


I have in mind the role played by the ferments and 
enzymes, the so-called organic catalysts. Many such 
processes are being conducted on a large scale.’ 

It-has been shown by Omelyanski™ that the stable 
organic compounds, cellulose, can be decomposed in two 
different directions by two different ferments. One of 
the decompositions yields hydrogen; and the other, me-. 
thane. This selective fermentation is the product of the 
life processes of two organisms, and requires no other 
energy. It may be possible to find such ferments which 
will produce with petroleum hydrocarbons the reactions 
which are now carried out thermally and catalytically, 
From the material now available in this field of vitalism, 
we see that these processes are very economical and 
simple. Certainly, this is a method for the distant fu- 
ture. First, our laboratories and plants must develop 
and apply the methods of inorganic catalysis. At pres- 
ent we can only dream of vitalistic processes in the field 
of hydrocarbons. 

Let us hope that in the future the petroleum industry 
will make good use of these methods of vitalism, just as 
at the present time it has successfully begun to apply 
the methods of inorganic catalysis in its processes. 
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A. H. BATCHELDER 
Standard Oil Company of California 


He first fuel oils available in commercial quanti- 
ties consisted of residua from which gasoline and 
kerosene had been distilled, and occasionally of un- 
topped crude oils. The rise in the demand for gasoline 
which accompanied the advent of the automobile was 
at first amply met by increased production of crude 
oil brought about by the more extensive drilling of 
oil wells, by advances in drilling technique, and by 
the discovery of new oil fields. Expansion in the pro- 
duction of gasoline, therefore, resulted at first in a cor- 
responding increase in the volume of residual stocks 
available for industrial fuel. 
The acceleration in the demand for gasoline con- 
tinued at such a rate that serious shortages would 
have occurred had it not been for the development 
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and adoption of cracking processes as a means for in- 
creasing the yield of lighter fractions from crude. The 
already rapidly increasing proportion of gasoline pro- 
duced by cracking less volatile stocks has in recent 
years received further impetus from the demand for 
cracked gasolines per se, because of their favorable 
combustion characteristics in modern high-compres- 
sion engines. It is probable, too, that the growth of 
tracking operations will inevitably result in almost 
complete withdrawal of straight-run residuum stocks 
from use as industrial fuels. 

Displacement of straight-run by even severely- 
cracked fuels of proper stability characteristics is in 
no respect disadvantageous to consumers of fuel oil. 

atever prejudice there exists against the use of 
cracked fuels has resulted from sedimentation and 
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ABSTRACT 


TABILITY of residual fuels under service con- 
ditions is of great importance, particularly the 
tendency to coat heater coils with a deposit which 
retards heat transfer. Conventional physical tests 
and inspections do not offer a satisfactory means of 
rating or grading fuels in this respect. 

An apparatus and procedure are described which 
permit the prediction of this service characteristic. 
The method is exceptionally valuable in connection 
with the utilization of cracked fuel oils and of 
blends of these with straight-run residuum and 
cutter stock. Theoretical aspects of fuel-oil blend- 
ing are discussed and illustrated by typical ex- 
amples. 











heater-coating difficulties which are experienced with 
unstable fuels. The persistence of such prejudice is 
reflected in the present emphasis upon high gravity, 
which is in itself of little significance as a criterion 
of fuel oil quality; in fact, the necessity for meeting 
minimum gravity specifications is in many cases re- 
sponsible for the production of unstable blends from 
satisfactory cracked tar fuels. The main disadvan- 
tage attaching to the use of cracked stocks lies in the 
inability of the consumer, and frequently of the re- 
finer, to distinguish between unstable and satisfac- 
tory fuels. 

Because of the large-:navy fuel requirement, the de- 
velopment of a specification which will permit accep- 
tance of deeply-cracked fuels of suitable stability 


‘characteristics is of the utmost importance and, be- 


cause of the present fleet concentration, is of partic- 
ular interest to the petroleum industry on the Pacific 
Coast. The problem of navy fuel supply is compli- 
cated by the fact that the greatly accelerated demand 
for fuel, which would be the accompaniment of in- 
tensified naval operations, would probably coincide 
with increased gasoline and fuel-oil requirements due 
to correspondingly enhanced industrial and. possibly 
military activities. Under such circumstances it is 
not improbable that shortage or insecurity of water 
transport, and the time element involved, might make 
it necessary for the total navy fuel requiremment to 
be obtained on short notice from the nearest supply 
point. 


THEORETICAL CONSIDERATIONS 
STRAIGHT-RUN FUELS 


Crude oil, maintained at the temperatuge at which 
originally stored in the ground, is free from suspend- 
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ed matter other than dirt, water, and salts which may 
properly be considered as foreign material; all of the 
hydrocarbon material exists in solution. Parentheti- 
cally, the term “solution” will be understood to be 
used in the popular sense to describe highly-satur- 
ated or protected dispersions not separable by filtra- 
tion or the ordinary laboratory super-centrifuge. Any 
suspended hydrocarbon material which might be 
present in the oil in underground storage would be 
expected to be filtered out in the passage through the 
oil-bearing formations. The character of the asphaltic 
matter obtained in a given crude may be due to the 
solvent (or protective) properties of the oil as well 
as to the condition of the crude in underground stor- 
age. As the over-all solvent power of even the most 
naphthenic crudes is not very high, only easily dis- 
solved asphaltenes occur in crude oils. Some crudes 
require the addition of only a small proportion of 
light naphtha to initiate precipitation of the heaviest 
asphaltenes present ; cooling also may result in sepa- 
ration of wax as well as asphaltic matter. 

Removal of gasoline and kerosene fractions by dis- 
tillation greatly increases the stability of the heavy 
oil and asphaltic constituents, and imparts to them a 
considerable tolerance for even cutter stocks which 
might cause precipitation when added in small 
amounts to the crude. In general, straight-run resid- 
ual fuels can be mixed with: one another and with 
stocks as light as kerosene distillate without danger 
of precipitating asphaltenes. Their stability or toler- 
ance for light cutter stocks is greater at higher tem- 
peratures. Fuels made by topping crudes or by cut- 
ting back straight-run asphalts, therefore, cause nei- 
ther heater coating nor difficulties with sedimenta- 
tion (other than wax or foreign material) on storage. 


CRACKED FUELS 


Prolonged exposure of oils to high temperatures 
results eventually in the attainment of an equilibrium 
between elementary carbon, hydrogen, and methane. 
However, as cracking is ordinarily carried out, oils 
are exposed for only a short time to temperatures 
above that at which thermal decomposition is rapid, 
resulting only in the splitting and dehydrogenation 
of hydrocarbon molecules. Part of the unsaturated 
compounds so formed are highly unstable and poly- 
merize rapidly, so that cracking results in the forma- 
tion of stocks both heavier and lighter than those 
present in the original charging stock. The exact 
composition of a cracked tar depends at least as much 
upon the character of the charging stock and the op- 
erating conditions as upon the severity of cracking. 

From the standpoint of utilization in fuel oils, the 
essential difference between cracked and straight-run 
tars lies not in the lower gravity of the cracked prod- 
uct, but in its content of asphaltenes less soluble in 
organic solvents than the least soluble asphaltenes 
occurring in crude oils, and especially in the presence 
of small amounts of non-solvated or suspended hy- 
drocarbons. These latter are sometimes called car- 
boids. Because of the presence of difficultly-soluble as- 
phaltenes, cracked tars are markedly less compati- 
ble with cutter stocks than straight-run residua, their 
sensitivity being such that in many cases sedimenta- 
tion and heater-coating characteristics are more de- 
pendent upon the quality of the blending stocks than 
upon that of the cracked tar. 

In any classification of asphaltenes in accordance 


with apparent solubilities, it should be kept in mind 
that the behavior of any given species of asphaltic 
compounds is greatly influenced by essentially for- 
eign considerations, such as state of aggregation and 
the presence or absence of a protective agent. 

Although the same general considerations govern 
both sedimentation and the formation of carbona- 
ceous incrustations in fuel-oil heaters, the causes may 
be quite different. Sedimentation is due to the pres- 
ence of suspended material in the fuel. Fuels contain- 
ing heavy asphaltenes which are insoluble at ordi- 
nary temperature, and for that reason potentially 
dangerous from the standpoint of sedimentation, may 
be homogeneous at temperatures encountered in fuel- 
oil heaters, and may cause no heater coating. The 
substance responsible for the formation of deposits 
in heater tubes must be insoluble in oil at relatively 
high temperatures, whether already in suspension or 
formed in the heater. 

Analyses of the material removed from cracked 
fuels at 200° to 300°F. by filtration or super-centri- 
fuging show it to be substantially identical to the 
material deposited in fuel-oil heaters. The essential 
constituent is a heavy coke-like, hydrocarbon mate- 
rial, insoluble in benzol at room temperature. It is 
significant, too, that the solvent power of benzol for 
heavy asphaltenes is not very different from that of 
cracked gas oils at the temperatures usually encoun- 
tered in fuel-oil heaters. It was observed also that 
fuels free from benzol-insoluble material cause no dep- 
osition in fuel-oil heaters, no matter what the sta- 
bility at asmospheric temperature. It was, therefore, 
concluded that the benzol-insoluble content is a 
measure of the heater-coating potentialities of a 
cracked tar. The extent to which deposition has taken 
place can be precisely measured by weighing the de- 
posited benzol-insoluble material after separation 
from the absorbed and adhering liquid fuel. 


HEATER TESTS 


The actual rate of deposition of benzol-insoluble 
material is dependent upon the characteristics of the 
cracked tar from which the fuel was made and the 
type and amount of diluent or cutter stock, and is 
not predictable from the usual inspections. The de- 
position rate is also affected by the design of the 
heater, the temperature of the heating surface, and 
the rate of flow. In order to study the heater-coating 
tendencies of fuels as a function of composition, it 
was found advisable to construct small easily-stand- 
ardized test heaters. 


These heaters were operated according to a stand- 
ardized procedure. As deposition takes place uneven- 
ly at first, four days was chosen as the standard test 
period. The heaters are operated at moderate tem- 
peratures; because, although the rate of deposition 
increases markedly with temperature, more repro- 
ducible results are obtained at 350° to 400° F. than 
in the range from 400° to 600° F. The heaters them- 
selves consist of tubes 0.70 inch in diameter, heated 
by steam at 135 pound pressure (gage) and immersed 
in the oil under test. The oil is.contained in a vessel, 
which is itself immersed in a water bath. The space 
from which the deposits are removed is 0.115 square 
feet in area. The carbonaceous incrustation and ad- 
hering or absorbed oil are washed off with benzol, 
and the benzol-insoluble material filtered off and 
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weighed. The result expressed in grams is termed 
the “heater-coating index.” 

With most cracked fuels the results were found to 
be reproducible to closer than 10 percent. The ad- 
vantage of weighing rather than measuring the de- 
posit lies in the fact that a layer only a few ten 
thousandths of an inch thick contains a weight of 
benzol-insoluble material well within the range of an 
analytical balance. 

The construction of the equipment and the operat- 
ing procedure employed in the determination with 
heater-coating indices are described in the accom- 
panying appendix. 


CORRELATION WITH SERVICE CONDITIONS 


In order to compare heater-coating indices with 
deposition rates in larger equipment over long pe- 
riods, heater coils with a surface area of 1.95 square 
feet were installed near the bottom of 100-gallon 
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FIGURE 1 


Deposition Rate for Fuels with Various Heater-Coating 
Indices. 


containers. The coils were heated with saturated 
steam at 140 pounds per square inch (gage) and the 
oil maintained at 190° to 200°F. by a spray of cold 
water on the outside of the container. Sufficient of 
each stock under test was set aside to enable frequent 
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FIGURE 2 
Effect of Heater Deposits upon Transfer Factor. 


anc regular replacement. The coils were removed 
from time to time for examination. The compositions 
of «he fuels covered a wide range, although none 
wit) spectacularly high heater-coating indices was 
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included. That reasonable correlation was obtained 
may be seen from the data in Figure 1. 

The heat-transfer coefficient was measured by im- 
mersing the coils in fuel oil contained in a water- 
jacketed calorimeter. The steam was turned on and 
water circulated through the jacket at such a rate 
that its average temperature approximated that of 
the ambient atmosphere. The transfer coefficients so 
obtained are shown in Figure 2. It is of interest to 
note that a deposit of 0.1 inch reduced the transfer 
coefficient to 39 percent that of a clean coil. 


It is particularly significant that scaling of de- 
posits formed by fuels with both high and low heat- 
er-coating indices began at approximately the same 
time, with the result that fuels with low heater-coat- 

















Fuel “A.” Heater-Coating Index—0.568. 
Hours—1,259 

















Fuel “G.” Heater-Coating Index—0.023. 
Hours—1,690. 


FIGURE 3 


ing indices failed to build up appreciable deposits— 
indicating that there is no essential difference in the 
heater-coating characteristics of fuels with zero and 
reasonably low heater-coating indices; this is illus- 
trated by the photographs (Figure 3) of heater coils 
employed in the large-scale tests. Data obtained from 
a limited number of tests conducted in large storage 
tanks were in every case in agreement. 

Inasmuch at the actual rate at which heaters be- 
come coated depends upon the temperature and rate 
of flow at which operated, the heater-coating index 
must of necessity be regarded as an empirical meas- 
ure of the coating tendency of a fuel. It has been ob- 
served that with the heated surface at 500°F. the rate 
of deposition may be five times as great as at 360°F., 
while at 300°F. the heater-coating rate is but from 
one-fourth to one-sixth that at 360°F. The effect 
upon heater coating of changes in rate of flow has 
been measured quantitatively in only a few cases; in 
the region of viscous flow, increasing the rate of 
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flow ten-fold has been observed approximately to 
halve the heater-coating rate. 


REFINERY BLENDING PROCEDURES 


The wide differences which exist in the chemical 
characteristics of cracking-still charging stocks, and 
in methods of processing and blending the resulting 
fuels, make it almost impossible to discuss adequate- 
ly all of the variables involved. A few examples will, 
however, be given as a basis for discussion of the 
more important factors. 


RELATION OF CUTTER-STOCK QUALITY TO 
HEATER DEPOSITS 


The effect of additions of gas-oil cutter stocks to a 
cracked tar which has a low heater-coating tendency 
is shown in the data of Table 1 and in Figure 4. It 
will be observed that the cracked tar is compatible 
with a large proportion of low-aniline-point cutter 
(which lowers the heater-coating tendency) and with 
a moderate amount of cracked gas oil. The tolerance 
for the virgin gas oil is exceedingly small. High 
heater-coating indices may, therefore, be expected to 
accompany the use of straight-run cutter stocks or of 
excessive amounts of even cracked gas oil. 
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FIGURE 4 


Heater-Coating Indices—Blends of Gas Oil and 
Cracked Tars. 


It is of particular significance that, for fuels of any 
given viscosity manufactured as above, the lower- 
gravity stocks are to be preferred. Also, with any but 
cutters of unusually high solvent power, greater sta- 
bility may be expected from high- 
er-viscosity fuels. It should be 
noted (Figure 4) that, with pro- 
gressive additions of low-solvent- 


viscosity (molecular-weight) gas oils have a less 
marked effect (in either direction) per unit volume 
added, which tends to offset the effect of the greater 
volume which must be added to bring the tar to the 
desired viscosity. 


OTHER BLENDING STOCKS 


Residual asphalts lower markedly the heater-coat- 
ing tendencies of cracked fuels to which they are 
added, and may even impart a considerable tolerance 
for cutter stocks with which the pressure tar may 
normally be incompatible. The magnitude of the de- 
crease is such that it must be ascribed to a protective 
rather than to solvent action or dilution. 
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FIGURE 5 
Blends of Oracked Fuel with Topped Residual Fuels. 


The effect to be expected from topped residuum 
fuels, therefore, depends upon a balance between the 
protective action of the asphaltic constituents and the 
precipitating tendencies of the oil vehicle. This effect 
is illustrated by the data in Table 2 and in Figure 5. 
A cracked tar fuel with a low-heater-coating index 
was blended with fuels ranging from lightly-topped 
residuum to asphalt, made from the same asphalt- 
base crude, and with two topped residua from a much 
more paraffinic crude. It will be observed that the 
blending characteristics of straight-run fuels made 
from the asphalt-bearing crude are greatly improved 
as the viscosity is increased. Fuels made from the 
more paraffinic residuum are much inferior blending 
stocks, and very little changed by topping. 

It may be of interest to note, from the data in 
Tables 1 and 2, that fuels from even one crude source 


TABLE 1 


Effect of Solvent Power of Cutter Stock on Quality of Cracked Fuels 
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Ge Ole « ° 4 e. Use 
While all cracked tars behave 78 o4 a. 4 = = os 
in much the same general man- — Ryo RE oe ~ ~ as 
ner, the magnitude of the changes Cracked Gas Oll............ | 99:9 34.0 104.5 16.4 9.2 610 0.039 
omega 3 
and the degree of compatibility | poy <7 By wt iH pe OOOE 
depend upon the solvent or pro- —_——_ 
t : P Virgin Gas Oil............ 34.8 35 154 11.7 8.9 1,000 0.079 
tective action of the oil constitu- 34.8 35 154 7 10.2 610 0.158 
‘ 4. 35 154 i : 5A 
ents of'the tar and the content of oe 33 ise s7 40 20 2.412 


benzol-insoluble material. Higher- 
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TABLE 2 


Blending Characteristics of Straight-run Residual Fuels 


coating tendency of the blend will 
be intermediate or lower than 





either. Fuels shown at C-D and 























STRAIGHT-RUN - xtremely poor solvent 
FUEL BLENDED FUELS D-E have ext yP 
power, and may be expected to be 
Viscosit, Viscosity, : i RS 
_Saybolt” Straight _Saybolt a —— in storage. mgs a 
niversa un niversa eater- 
Gravity | at 130° F.| Added Gravity | at 130° F. Coating Ings aracteristics are like t oe 
COMPOSITION (° API) | (Seconds)| (Percent)| (° API) | (Seconds)} Index of paraffinic cutter stocks. It is 
Residual Fuel Added.............. Sai owe a 11.1 971 0.037 of interest to note that — 
Topped Asphaltic Residuum........ 18.8 247 20 12.5 710 o1o7 Of aromatic cutters, or of asphalt 
18.8 247 50 14.8 451 0.392 to fuels represented at C-D, usu- 
18.8 247 80 17.4 312 0.0135* . : : 
15.8 676 20 12.0 900 0.092 ally results first in an increase in 
15.8 676 50 13.3 826 0.061 : 
15 1 908 20 118 1,014 0.087 the heater-coating tendency (due 
16.1 908 50 12.4 1,025 0.028. to prevention of sedimentation) 
Asphalt Cut Back with Cracked | aa es ike en ee along path D-C and then in a low- 
NIRS des He cibuaks Sotataen ye . : 
r 14.9 277 80 14.0 342 0.00 «ering along path C-B-A. 
Topped Mixed-Base Crude......... 24.0 89 10 12.2 842 0.450 Lightly cracked paraffinic 
<4 Bo = 134 588 0.560 stocks may be represented along 
22.7 204 20 13.2 769 109 ##C-D-E. As cracking is usually 
ry ry 4 ry et 0.476 carried out, cracked tars from any 
Hae = = 72 a oe source are found at A-B and 
sometimes B-C.. Mixed fuels 


























* Very unstable. Heavy asphaltenes settled shortly after blending. 


may have almost any combination of gravity and 
heater-coating characteristics. 


A GENERALIZED CASE 

Figure 6, without scale, may be initially taken to 
represent the effect upon heater-coating characteris- 
tics of additions of low-solvent-power cutter stock to 
a cracked tar of good quality. The cracked tar and 
blends with moderate amounts of cutter would be 
represented between A and B. Excessive amounts 
of cutter, or the use of a highly-paraffinic stock, 
would result in high heater-coating tendencies, range 
BC. Progressive additions of cutter would result 
finally in attainment of a maximum point C, which 
can be observed also in the actual examples shown 
in Figures 4 and 5. Further additions result in a de- 


HIGH 


FUELS To 

SEDIMENTATION 
HIGH HEATER 

COATING INDICES 


HIGH HEATER - 
INDICES 


HEATER COATING INDEX 
(NO SCALE) 


WHICH DO NOT PRODUCE \ 


COATING INDICES ihe 
ADHERENT DEPOSITS ~*--- E 





HIGH a (NO SCALE) Low 
BOWER OVERALL SOLVENT OR PROTECTIVE POWER wg 


OF CRACKED TAR OR FUEL OIL BLENO 


FIGURE 6 


Heater-Coating Characteristics of Fuels as a Function 
of Solvent Power. 


crease in observed heater coating due to the fact that 
rapid settling takes place (CD and DE) finally reach- 
ing zero heater deposits at E. 

Most cracked fuels blended with cracked gas oil or 
other satisfactory cutter would be represented by the 
tegion A-B. Region B-C represents fuels which have 
either high benzol-insoluble contents and only mod- 
erate solvent power, or low benzol-insoluble contents 
and low solvent power. When two fuels from any- 
where in the range A-B-C are blended, the heater- 
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which might be shown along B-C 
or C-E may be obtained in ships’ 
bunkers through mixing of cracked fuels and paraf- 
finic straight-run fuels, each of which might be sat- 
isfactory prior to mixing. 


Wherever an increase in heater-coating character- 
istics is due solely to an increase in the content of 
benzol-insoluble material, as for instance by more 
severe cracking of a given crude, there is a consistent 
relationship between heater-coating index and the 
usual sediment tests (percent benzol insoluble, B. S. 
and W., and sediment by extraction). Changes in 
heater-coating index in the region A-B-C (Figure 6), 
and especially along A-B, where due to the use of 
different type cutters, or to the addition of protec- 
tive agents, are either inadequately or imperceptibly 
reflected in the B. S and W. and sediment-by-extrac- 
tion tests. Additions to a fuel which might be repre- 
sented along A-B, of sufficient cutter to bring it be- 
yond the point C, generally results in a sharp in- 
crease in B. S. and W. and sediment by extraction. 
The fundamental weakness of tests which involve di- 
lution with benzol or the like lies in the fact that the 
preponderant number of diluent molecules serves 
partly to obscure important differences between any 
solvent or protective action which may be exerted 
by the oil and asphaltic content of fuels; the response 
of such tests to serious instability (C or CD) is due 
to the inability of even benzol to re-disperse carboids 
once their original strongly-protective structure is 
broken. This latter, incidentally, suggests the advis- 
ability of making blends under conditions which 
avoid excessive local concentrations of cutter stock, 
and that increased temperature confers some advan- 
tage in blending because of the increase in solvent 
power. 


Of all the fuels so far examined, no appreciable 
sedimentation of hydrocarbon material has been ob- 
served in fuels which might be represented along AB. 
In the region BC the sedimentation rate is seldom 
serious ; and, when due to excessive dilution or to the 
use of paraffinic cutter with a given cracked tar, will 
be found to be roughly proportional to the heater- 
coating index. 


CONCLUSIONS 


The results of heater tests indicate the following: 
1. Whereas the decrease in API gravity incident to 
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deeper cracking may properly be considered as a 
measure of the degradation of a stock with respect 
to the possibility of further cracking, it has no such 
connotation insofar as fuel-oil quality is concerned. 
Indeed, low gravity is indicative of high solvent 
power and, therefore, of a high degree of compati- 
a with cutter stocks and with other cracked 
uels. 

2. Although the benzol-insoluble content is to 
some extent a measure of the heater-coating poten- 
tialities of a fuel, the rate of deposition is so depend- 
ent upon the solvent or protective action of the other 
constituents that its presence means little more than 
that coating is a possibility. The same reasoning ap- 
plies to sediment by extraction and sediment removal 
by super-centrifuge. 

3: Cracked fuels with satisfactory heater-coating 
and stability characteristics can, as far as is known, 
be safely blended with one another. The effect of ad- 
ditions of straight-run fuels from asphalt-bearing 
crudes depends upon the relationship between the 
protective action of the asphaltic constituents and 
any precipitating tendency the light-oil portion may 
have, and cannot be predicted from the usual tests. 

Because straight-run fuels deposit no hydrocarbon 





material, the heater deposit can be used as a research 
tool to measure the effective degradation caused by 
the combination of cracking and blending. The re- 
sults are meaningless whenever the cracked fuel has 
been so severely diluted with low-solvent-power 
stock. that precipitation takes place within a short 
time. Under proper conditions the heater test can be 
used to determine both cracked-tar quality and the 
blending characteristics of straight-run fuels. 

Correlation with tests carried out over a consider- 
able period with a limited number of fuels from re- 
lated stocks indicates that scaling off of heater de- 
posits occurs at about the same time for fuels with 
both high and low indices. The net effect is that the 
heater surfaces are rapidly coated by a thick layer of 
carbonaceous material when fuels with high heater- 
coating indices are used, while with fuels of reason- 
ably low heater-coating index scaling begins before a 
heavy deposit has had time to form. 

It is believed that the use of fuels of any gravity 
which contain suspended carbonaceous material or 
undissolved heavy asphaltenes will be found to result 
in the formation of more soot and stack solids than 
would be obtained under the same conditions with a 
stable fuel. 


APPENDIX 


Description of Apparatus and Procedure 


The heaters consist of tubes, 0.700 inches in di- 
- ameter, heated by steam and immersed 8% inches in 
approximately one quart of oil contained in a vessel, 
which is itself immersed in a water bath at approx- 
imately room temperature. Six heaters are mounted 
on a steel bench, 66 inches long, 12 inches wide, and 
approximately 24 inches high. 

Steam pressure is kept at 135 pounds gage. To 
avoid excessive pressure drop through the heaters, 
no more than three heaters should be connected be- 
tween the steam line and the trap. In order to insure 
effective working of the trap, allow 4 feet to 6 feet 
of bare piping between the trap and the nearest 
heater. High-pressure steam should be reduced to 
135 pounds, using a reduction valve protected by a 
relief valve, with provision made for removing any 
super-heat. 

The construction and mounting of the heaters are 
illustrated in Figures 7 and 8. 


OPERATION 


Before being charged the heater surface is polished 
with a naphtha-base metal polish and wiped with a 
clean cloth. The cylindrical oil container is then filled 
to such a height that the heater surface is immersed 
8 inches to 8% inches and screwed into place. The 
water baths are then mounted, filled, and the steam 
turned on. The temperature of the water bath is not 
critical, but should be kept from 60° to 80°F. 

The oil is changed each 24 hours, and the deposit 
removed after 96 hours. To minimize oxidation re- 
actions, the steam pressure should be relieved 15 
minutes before removing water baths or oil con- 
tainers. The water baths are removed, the oil con- 
tainers taken off, and the tubes drained for approxi- 
mately 30 minutes. During this time the oil contain- 
ers can be re-filled. 
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It is important that inlet-steam valves be tight so 
that the heater tubes can be cooled as above. 

The fuel is changed by pouring out of the con- 
tainer and re-filling. After the completion of the four- 
day test the containers are cleaned out, using kero- 
sene or mineral spirits, and dried before re-charging 
with another fuel. The container should be free from 
water in order to prevent foaming. Failure to remove 
thinner used in cleaning will affect the heater-coating 
index. 


REMOVAL OF DEPOSITS 


Tubes should be allowed to drain 30 minutes be- 
fore deposits are removed. 

Erratic deposition takes place at the surface of the 
oil. For this reason the deposit above 7% inches 
from the bottom of the tube, and on the bottom, is 
first removed—a cloth slightly moistened with benzol 
or chloroform facilitates removal. The 74-inch line 
is marked by a slight projection on the wall of the 
heater tube. 

The deposit to be weighed is washed into a beaker 
containing 30 cc. to 40 cc. of benzol, using a small 
semi-circular brush with stiff bristles which is fre- 
quently dipped into the benzol. Repeat with an equal 
quantity of benzol. Pour all washings into a 100-cc. 
stoppered graduate, and make up to 100 cc. with 
benzol. This last addition may be used to remove 
thoroughly any adhering deposit from the brush. 
Shake well, and allow to stand two hours before 
filtration onto a tarred asbestos Gooch crucible. In 
the case of heavy deposits, the filtration can be 
speeded by decanting most of the benzol-oil solution 
onto the filter before stirring up the benzol-insoluble 
material. Approximately 50 cc. of fresh benzol should 
be used for washing the deposit and the sides of the 
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crucible. The washings should be clean. Dry under 
the same conditions used in preparation of the tarred 
Gooch, and weigh. The weight, expressed in grams, 
is termed the “heater-coating index.” 


PREPARATION OF CRUCIBLES 


Tight filters which do not lose fiber can be pre- 
pared by sucking a water suspension of coarse pre- 
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been found to be very satisfactory for the purpose. 

The degree of coarseness of the suspended asbestos 
is governed by the time of stirring. The coarse sus- 
pension may be made as follows: 

Add 60 grams of coarse prepared asbestos to 4 
liters of water in a balloon flask, heat to 120-150°F., 
and stir vigorously for 10 minutes, using a paddle 
turned by a stirring motor. The suspension of fine 
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FIGURE 7 
Heating-Element Detail. 


pared asbestos onto a Gooch crucible, tamping, and 
following with a tamped and finally an untamped 
lay«r of fine asbestos; the suction should be relieved 
when adding the suspension. The first, as well as the 
subs sequent layers, should be free from holes. A.S.T. 
M. “standard specification bitumen” crucibles have 


asbestos can be made by adding one liter of the 
coarse suspension to two liters of water, and stirring 
for 30 minutes as before. 

Crucibles should be dried in an oven and stored 
over calcium chloride in a desiccator. Drying in the 
preparation of the crucibles and, after use, can be 
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carried out rapidly in a steam oven at not over 200° 
F, or in a heated vacuum desiccator. 


DETERMINATION OF BENZOL-INSOLUBLE 
CONTENT 


Weigh 8 to 10 grams of tar or fuel accurately into 
a 100-cc. stoppered graduate. Add 10 times as many 
cc. of benzol, to the nearest cc., as there are grams of 
sample, and shake until homogeneous. Allow to 











unsatisfactory for this use. Commercial 100-percent 
water-white benzol, boiling range 80-82° C., has been 
found to be as satisfactory as C.P. benzene. 


HAZARDS DUE TO USE OF BENZOL 


It should be kept in mind that benzol vapors are 
toxic. Personnel should be instructed to avoid con- 
tact with the liquid or spillage upon clothing. Wash- 
ing of deposits should not be carried out until the 
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FIGURE 8 
Fuel-Oil Test Heater. 


stand at least two hours, and filter onto an asbestos 
Gooch as described for determination of heater de- 
posits. 

This method is an adaptation of the “revised 
method of determining sediment in fuel oil,” de- 
scribed by R. R. Curley (Lieut. U.S.N.) and J. G. 
O’Niell, Journal of the American Society of Naval En- 
gineers, May, 1934. 


QUALITY OF BENZOL 
Because of its content of high-boiling fractions, 
the so-called 90-percent benzol has been found to be 





heater tubes are cool, and adequate ventilation 
should be assured. 

Because of the great variability in individual sus- 
ceptibilities, and to the sometimes vague nature of 
the symptoms of benzol poisoning, it is best that 
precautions be taken completely to remove the pos- 
sibility of injury from this source. The use of the 
lighter type of respirator, commonly used in paint 
spraying, was found to offer adequate protection dur- 
ing the washing of deposits. Filtration of heater de- 
posits and benzol-insoluble contents should be car- 
ried out in a hood equipped with forced draught. 
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_| The Newer Bearing Materials — 


and Their Lubrication 


H. G. MOUGEY 


INTRODUCTION 


HE subject of bearings covers a very large field. 

Whenever two surfaces rub together, we have a 
bearing. As an illustration of a thrust bearing we may 
cite the block or device that applies pressure on one 
end of a rotating drill to cause the other end of the 
drill to make a hole. Long before mankind had de- 
veloped from the state of savages, the drill with 
thrust bearing was in common use to produce holes 
in shells, beads, etc. We are all familiar with the slid- 
ing bearing, such as when a piston slides in a cylin- 
der. We are also familiar with the rotating bearing, 
such as we have when a journal rotates in a bushing 
or when a wheel turns on an axle. In this discussion 
we shall confine ourselves to this last type of bear- 
ing, the rotating bearing such as we have at the cen- 
ter of a wheel. 

Now it is evident that in order to have a bearing at 
the center of a wheel, we must first have a wheel. The 
wheel is very old, and we do not ordinarily give much 
thought to the invention of the wheel; but, in reality, 
the wheel is a very complex structure, and it required 
a very high order of invention to produce the wheel. 

When Columbus discovered America the North 
American Indian was in the Stone Age, and the wheel 
was unknown. In Mexico and Yucatan the inhabi- 
tants had progressed further on the road toward civ- 
ilization, but they were still in the Stone Age. It is 
true that they built many fine paved roads, temples, 
pyramids, etc. They knew considerable about astron- 
omy, agriculture, mining, architecture, and even met- 
allurgy ; but they did not know about the wheel. In 
South America the Incas of Peru had developed even 
further. They were in the early Bronze Age, and 
made alloys of copper and tin; they had many hun- 
dreds of miles of wonderfully paved roads; they had 
domesticated the llama to carry burdens—but they 
had no wheel. There were no oxen nor horses in the 
entire new world to pull a cart or wagon, even if the 
wheel had been invented. 

The beginning of civilization dates back many cen- 
turies, but the earlist recorded date in the whole 
world is 4241 B. C., which marks the invention of the 
calendar by the Egyptians. The Eevptians divided 
the year into 12 months of 30 days each with 5 holi- 
days to make up the 365 days. This calendar, with a 
lew slight modifications, is the one which is now in 
use in practically the whole world. However, it was 
not until more than 1,000 years after the Egyptians 
had invented the calendar that they reached the state 
of civilization when they built the pyramids; and it 
was not until more than 1,000 years after the build- 
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H. C. Moucey, of General Motors Cor- 
poration, Detroit, Michigan, read the ac- 
companying paper at the Division of Re- 
fining group session Thursday morning, 
November 12, in comnection with the 
American Petroleum Institute's Seven- 
teenth Annual Meeting at Chicago, IIli- 
nots. 

Mr. Mougey was graduated in chemistry 
by Ohio State University in 1911. Until 
1917 he was research chemist for a paint 
and varnish company. He entered the em- 





ing this same year in the research labora- 
tories section and has continued as its chief chemist. His work 
has been diversified, his main interests being automobile finish- 
ing, plating, and lubrication. 





ing of the pyramids that the Egyptians knew about 
horses and wheels. 

By the time of the Greeks and Romans the chariot 
had become more or less obsolete as a major instru- 
ment of war; but for many centuries it kept its place 
as a means of transportation. However, there was 
very little fundamental difference between the wheels 
and bearing requirements of the early chariots and 
those of horse-drawn vehicles as late as the time of 
George Washington; and, as a result, there was little 
incentive to develop or improve bearings during this 
entire period of time, which amounts to about 4,000 
years. 

The first commercial steam engines—which, during 
the period of from 1705 to 1780, were used largely for 
pumping water—were very crude affairs, and their 
bearing requirements were not severe. However, the 
improvements by Watt, dating from 1769, soon de- 
veloped the steam engine to a state where better 
bearings were required for both engines and the ma- 
chines operated by the engines. As a result of this 
need, attention has been focused on this problem, and 
within the last 100 years many developments have 
occurred. 


BABBITT PATENT 


The first of these inventions, and probably the most 
important, was that of Isaac Babbitt, Patent No. 
1,252, July 17, 1839. This invention consisted in lining 
a metal shell with an alloy of the general type of pew- 
ter. Ever since the time of this invention, an alloy of 
the general composition of pewter, when used for 
bearing purposes, has been known as “babbitt.” 
Contrary to the commonly accepted idea, Babbitt did 
not invent the alloy which bears his name; and, as 
a matter of fact, tin-base alloys similar in composi- 
tion to the kind of material used by Babbitt in this 
bearing had been known for thousands of years. The 
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following quotations and the sketch (Figure 1) from 
Babbitt’s patent show that Babbitt simply used pew- 
ter or Britannia metal or some similar alloy already 


figd 





FIGURE 1 


well known,, and the chemical composition of the 
pewter was not the important part of the invention: 


Lines 22 to 31 (Patent No. 1,252): 

“The inner parts of the boxes are to be lined with any 
of the harder kinds of composition known under the 
names Britannia metal or pewter, of which block tin is 
the basis. An excellent compound for this purpose I 
have prepared by taking about 50 parts of tin, five of 
antimony, and one of copper, but I do not intend to con- 
fine myself to this particular composition.” 

Claim, lines 93 to 101 (Patent No. 1,252): 


“The making of the boxes for axles and gudgeons, in 
the manner above set forth; that is to say, by the cast- 
ing of hard pewter, or composition metal, of which tin 
is the basis, into said boxes, they being first prepared 
and provided or not with rims or ledges, and coated 
with tin, as herein described and made known. 


ISAAC BABBITT.” 


Since Babbitt’s time many people have worked on 
the subject of bearings, and as a result there are now 
a number of bearings of different types. Some of the 
most important of these bearings, together with their 
composition and the date of their invention, are as 
shown in Table 1. 


WHAT IS A BEARING? 

There is certainly a very wide range of materials 
and percentages of these materials in this list of bear- 
ings and, consequently, it may be desirable to raise 
the question: “what is a bearing?” There are two 
theories that have been advanced to explain bearings. 
According to one theory a bearing must be a combi- 
nation of hard crystals in a matrix of softer material ; 
the hard crystals are supposed to carry the load, and 
the softer matrix is supposed to permit deformation 
of the bearing so as to permit a more nearly uniform 
distribution of pressure. 

It is our belief that the “hard crystal and soft mat- 
rix” theory is incorrect, and that this theory has very 
greatly retarded the development of bearings. It is 
true that certain soft metals, such as lead, tin, cad- 
mium, etc., although good in anti-friction and anti- 
scoring properties, are low in mechanical strength 
and an increase in mechanical strength may be ob- 
tained either by bonding these materials in thin lay- 
ers to stronger materials or by combining them with 
certain materials to give a fine mechanical mixture 
of soft metal and hard crystals. However, it is the 
resulting combination of properties, and not the hard 





and soft crystal method of obtaining these properties, 
that is important. 


TABLE 1 
Some Bearings and Their Composition 
BRONZES (OR HIGH COPPER ALLOY... 


Copper Lead Tin 
1870—Dick ........ 80 10 10 
1892—Dudley ...... 77 15 8 
1900—Clamer and 
Hendrickson (73) 20 7 
(mini- (maxi- 
mum) mum) 


1904—Clamer (Patent No. 769,337). A stiff back with a 
lining of high melting point. (This is the origi- 
nal steel-back copper-lead bearing.) 

HIGH LEAD ALLOYS 
19GD-——" NO Feet i isk: Lead 96-99.5 
Sodium 4- 05 
1915—Ulco metal, Frary metal, Mathesius, Lurgi Lager- 
metall, Bahumetal, Satco etc. (lead hardened with 

alkali and alkali-earth metals). 

CADMIUM ALLOYS 
1909—Touceda, Patent No. 


PE cbckadaNcens vauu wie Cadimum 95-99.5 
Magnesium 5- 0.5 
1933—Schwartz and Phillips, Pat- 
ent No. 1,904,175......... Cadmium 93-99.75 
Nickel 7- 0.25 
1935—Smart, British Patent 
eS = eee Cadmium 97.0-98.0 
Copper or 
Nickel 0.25- 0.50 
Silver 1.75- 2.50 


SAE BABBITTS (TYPICAL COMPOSITIONS) 
(ADOPTED 1922) 


SAE Anti- 

No. Tin Lead Copper mony 

DP Giieas keds 90.0 0.35 4.5 4.5 
(maximum) 

BE segs 5 niniaers 87.0 0.35 5.75 6.75 
(maximum) 

Oe Glues anes 59.50 26.00 3.0 10.50 

Oe bidgatiecs 5.0 84.0 0.50 10.0 

(maximum) 
| Ee rer: 19.0 74.0 0.50 15.0 


(maximum) 


SPECIAL COMPOSITIONS 


Graphite bearing metal, oilless bearings, porous bear- 
ings, Graphalloy, Genelite, Durex, Oilite, etc. (porous 
bearings, high in copper, and containing small 
amounts of such materials as tin, lead, graphite, etc. 
These bearings are usually impregnated with oil be 
fore use.) 

According to the second theory the crystal struc- 
ture is of little or no importance, but the bearing 
must have a combination of properties so that it will 
resist the forces to which it may be subjected in 
service. These properties are tabulated in Table 2. 


TABLE 2 

Bearing Properties 
Mechanical strength 
Bonding characteristics 
Melting point 
Fatigue resistance 
Anti-friction characteristics 
Non-scoring characteristics 
Corformability 
Embeddability 
Corrosion resistance 


The particular combination of properties required 
by a bearing depends upon the forces to which the 
bearing is subjected. Leaded bronze, of the compost 
tion copper 88, tin 4, lead 4, and zinc 4, is exce!lent 
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for the bearing for the small end of an automobile 
connecting rod; and steel-backed, high-tin-base bab- 
bitt bearings are in general use for the large ends of 
connecting rods—but very unsatisfactory results 
would be obtained if these bearings were reversed, 
and the leaded bronze of the above composition used 
for the big end and the babbitt for the small end. 

A cake of paraffin is excellent in properties 5, 6, 7, 
8 and 9 in the table of “bearing properties,” but: it 
would make a poor connecting-rod bearing on ac- 
count of being very poor in properties 1, 2, 3, and 4. 

Under certain conditions other properties or combi- 
nations of properties may be important. Canvas im- 
pregnated with bakelite is coming into general use 
for certain very severe bearing conditions, such as 
some of the bearings in steel mills; but this material 
is unsatisfactory for automobile connecting-rod bear- 
ings for high-speed operation, because the heat gen- 
erated at the bearing surface cannot be dissipated 
rapidly enough, and the rubbing surface of the bear- 
ing soon chars. 

In general, a bearing metal need not have all of the 
properties in Table 2; it requires only the ones that 
will enable it to resist the forces to which it will be 
subjected in service. Tin-base babbitt (SAE 11) is in 
general use in large-end connecting-rod bearings; but 
SAE 11 is very low in mechanical strength, in melt- 
ing point, and in fatigue resistance. However, it is ex- 
cellent in its bounding characteristics, and the combi- 
nation of a steel back bonded to a very thin lining 
of SAE 11 produces a bearing which is much super- 
ior to a straight SAE 11 bearing in mechanical 
strength and fatigue resistance. The anti-friction 
characteristics of a steelback babbitt-lined bearing 
are so good that the temperature rise due to friction 
may be low enough so that the low melting point of 
the SAE 11 is not fatal. Such a bearing is good in 
non-scoring characteristics, in conformability, in em- 
beddability, and in corrosion resistance. 

However, most tin-base and lead-base babbitts tend 
to lose their strength very rapidly at elevated tem- 
peratures. This tendency is shown by the curves in 
Figure 2. In modern automobile engines this loss in 
strength, due to higher crankcase temperatures, is so 
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FIGURE 2 


serious that many attempts are being made to re- 
place SAE 11 with other materials. In the case of 
connecting rods for airplane engines, SAE 11 is al- 
ready practically obsolete, and other bearing mate- 
tials that have higher strength at elevated tempera- 
tures are in general use. Lead and cadmium have 
higher melting points than tin; and, although these 
meta's do not offer as much increase in strength at 
eleva'ed temperatures as might be desired, they may 
have enough advantage over tin—especially in bor- 
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derline cases—to make all the difference between suc- 
cess and failure. High-lead-base bearings and cad- 
mium bearings are coming into general use for such 
types of service as connecting rods for diesel engines. 

In trying to replace SAE 11 it is ery easy to get a 
material that will be superior in one or two respects, 
such as mechanical strength or high melting point; 
but such a bearing may be lacking in other important 
respects, such as corrosion resistance or anti-friction 
characteristics or non-scoring characteristics. When 
used in crankcases with corrosive oils or with oils 
that become corrosive due to oxidation of the oils, 
certain high-lead or cadmium bearings may fail very 
rapidly due to corrosion. Attention has previously 
been called to the fact that the alloy,-copper 88, tin 4, 
lead 4, and zinc 4, is unsuitable for large-end connect- 
ing-rod bearings in automobile engines. This is be- 
cause it will cause scoring of the crankshaft under 
hign-speed operating conditions, although it will not 
score the shaft under sufficiently low-speed operating 
conditions. It is due to the low rubbing speed at the 
small end of the connecting rod that this alloy can be 
used for a piston-pin bearing. 


SCORING 

This problem of non-scoring is one of the most im- 
portant in developing connecting-rod bearings; but, 
unfortunately, we have very little reliable informa- 
tion as to why certain metals score and others do 
not. In discussing this general problem Tomlinson’ 
says: 

“It is not easy to obtain any direct experimental evi- 
dence that molecular cohesion takes place, although 
strong molecular forces would be expected when the 
boundaries of two solids are brought together within 
the range of the molecular fields. That molecular cohe- 
sion occurs when two clean solids touch seems to be 
certain. Sir W. Hardy has expressed the opinion that 
the static friction between clean surfaces is due to co- 
hesion.” 

Bowden and Ridler* have reported in the Proceed- 
ings of the Royal Society on some work that they did 
to determine the temperatures of the surface layers of 
bodies during sliding. The surface temperature was 
measured by using the rubbing contact of two differ- 
ent metals as a thermocouple, and determining the 
electromotive force generated on sliding. Experi- 
ments showed that the local temperature—which de- 
pended upon load, speed, coefficient of friction, and 
thermal conductivity—might be surprisingly high, 
reaching more than 1,000° C. (1,832° F.) in some 
cases. With lower-melting-point metals, the melting 
point of the metal was the maximum temperature 
that could be reached. In tests on lubricated surfaces 
they obtained similar results. For example, a polished 
metal surface, well lubricated with “Castrol XL,” 
and running smoothly with a low coefficient of fric- 
tion, showed a surface temperature of over 600° C. 
(1,112° F.). This high temperature was localized at 
the sliding surface, the mass of the metal was at 
room temperature, and there was no evident sign of 
heating. 

A joint research committee of the American So- 
ciety for Testing Materials and the American Society 
of Mechanical Engineers has been working on the 
“Effect of Temperature on the Properties of Metals.” 
In this work the seizure of metals at elevated tem- 
peratures has been studied. The following sentences 
are taken from a condensed report of this com- 
mittee.® 

“One of the causes of failure of metals at high tem- 
perature is seizure, the incipient welding together of 
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two metal surfaces in contact. While perfectly 
matching surfaces will weld readily, in order to bring 
surfaces of ordinary smoothness of finish into mole- 
cular contact it is usually necessary that one surface at 
least be fairly plastic and be pressed against the other 
so as to force them into molecular contact. In many 
such cases plasticity is brought about by elevated tem- 
perature, so that the seizure problem is quite gener- 
ally a high-temperature problem. . . . Unless they are 
soluble in the solid metal at the temperature in ques- 
tion, oxide and other non-metallic films prevent metal- 
lic contact of the coating surfaces, and may thus pre- 
vent seizure. A film of oil, 
will likewise prevent contact.” 


The findings of this committee are in accord with 
the results of work at the National Bureau of Stand- 





or even of adsorbed gas, 





Of course, under true “fluid-film” lubrication con- 
ditions, there is a film of oil between the metal sur- 
faces—and scoring is prevented by this film of oil, 
and the composition of the bearing metals is of no 
importance. However, when this fluid film breaks 
down, then it appears to be necessary that the bear- 
ing metals must be separated by a film of some kind 
to prevent molecular contact with resulting scoring 
or welding. In the case of “extreme-pressure” lubri- 
cants, which are attracting so much attention at the 
present time on account of their importance for the 
lubrication of hypoid gears, the film which prevents 
scoring is iron sulfide or iron chloride or some simi- 











% 








FIGURE 3 


ards,® in which it was found that under certain con- 
ditions of load and rubbing speed, with steels of cer- 
tain properties, metal-to-metal contact would occur, 
and that seizing, welding, and very rapid wear would 
occur. However, if the test conditions were modified 
somewhat, adherent oxide films would form on the 


surfaces of the steel; and, under exactly the same 
conditions of load and rubbing speed, these oxide 


films would prevent metal-to-metal contact; and, as 
a result, there would be no signs of seizing or weld- 
ing, and the rate of wear would be extremely low. 

In the report of the joint ASTM-ASME committee® 
descriptions are given of various testing machines 
which are used to determine the non-scoring charac- 
teristics of metals, but experience indicates that it is 
difficult to obtain check results with such machines 
unless all the test conditions are very carefully stand- 
ardized; and it is difficult to correlate the results of 
such machines with performance in service. For 
this reason a test in an engine under actual service 
conditions is the only true test of non- Scoring ; and, 
since the requirements in different engines may be 
different, a bearing that scores in one engine may be 
non-scoring in another engine of slightly different 
design or operated under different conditions. 





lar material. In the case of tin, lead, or cadmium bear- 
ings as used in connecting rods in automobile en- 
gines, it appears that a film of some kind must be 
formed so easily with all oils that scoring is not a 
problem with these bearing materials. Under nor- 
corrosive conditions, failures of these types of bear- 
ing materials are due to “fatigue,” and the quality of 
the lubricating oil usually has little or nothing to do 
with failures of these bearings. Of course, it may 
happen that under some conditions the lubricating 
system of an engine cannot keep the bearings sup- 
plied with oil due to the oil being too high or too low 
in viscosity, or due to the oil being too far below its 
pour point— and in such cases the bearings may fail 
due to lack of oil of any kind, regardless of the qual- 
ity of the oil. 


FATIGUE RESISTANCE 


Since with clean oil and in the absence of corrosion 
or scoring troubles, bearings fail by lack of resistance 
to fatigue, and since resistance to fatigue in an engine 

cannot be determined by the conventional tension, 
compression, or impact tests, and since the quality of 
the oil usually has little or nothing to do with resist- 
ance to fatigue, it is very important in develo ping 
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yearings to be able to measure resistance to fatigue. 
This can be done by operating the bearings in an 
engine under very high-speed, high-temperature, and 
high-load conditions. This actual engine test must al- 
ways be made as the final test before drawing definite 
conclusions as to resistance to fatigue. However, un- 
der these severe conditions, other parts of an auto- 
mobile engine are also subject to failure, and it is 
not a simple matter to make fatigue tests in engines. 
Consequently, for preliminary work, a laboratory 
testing machine is desirable. 

The loading on connecting rods is quite different 
from the loading on bearings used for line shafts, etc. 
In the case of a connecting-rod bearing the load 
travels around the inside of the bearing; and, on ac- 
count of the lightness of the connecting rods, a cer- 
tain amount of deflection of the bearings usually oc- 
curs. In our laboratory we use a bearing testing ma- 
chine like the one shown in Figure 3 and Figure 4. 
The eccentric weights (A-A) tend to make the shaft 
“bow out,” thus putting a rotating load on the inside 
of the connecting-rod bearings (B-B). The connecting 
rods are spaced at an angle of 90 deg., and are held 
with piston pins at the small ends (C-C). The eccen- 
tric weights (D-D) are for the purpose of counterbal- 
ancing the weights (A-A), so that the testing machine 
asa whole does not vibrate. Oil is fed to the bearings 
under test by holes in the shaft (E), so that the bear- 
ings are lubricated just as they would be in an engine. 

The temperature of the oil is controlled by electric 
heaters immersed in the sump. The temperature of 
the bearings is determined by thermocouples embed- 
ded just beneath the surface of the babbitt, and the 
temperature of the oil in the sump is controlled so as 
to maintain the bearings at the predetermined tem- 
perature. In our work this bearing temperature is us- 
ually 174° C.-176° C. (345°-349° F.). The tempera- 
ture of the oil in the sump is usually between 135° C. 
(275° F.) and 149° C. (300° F.) since the difference 
in temperature between the oil in the sump and the 
bearing depends upon such factors as load speed, 
bearing clearance, oil viscosity, coefficient of friction 
of the bearing, etc. The test machine is usually op- 
erated at a speed of 4,500 r.p.m., with the eccentric 
weights adjusted to give a calculated bearing load 
of 1,400 lb. per sq. in. projected area. If the bearings 
are not resistant to corrosion, the test must be made 
with an oil that will not develop corrosive acids on 
oxidation under the test conditions. If it is desired to 
test the performance of the bearings with corrosive 
oils, then either 1 per cent of oleic acid is added to the 
lubricating oil, or corrosive acids are allowed to form 
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as the result of oxidation of the oil in the test ma- 
chine. In our tests we have standardized on SAE 30 
oil, although we do not find any measurable differ- 
ence in bearing life in engines over the range of vis- 
cosities of from 10-W to SAE 40, provided the lubri- 
cating system in the engine can keep the bearings 
supplied with oil under all conditions. 

By means of this machine it is possible to compare 
the fatigue resistance of different bearing materials, 
making the tests in the actual connecting rods in 
which the bearing material is to be used. Since the 
details of construction of the rod and of the bearing 
greatly affect the resistance to fatigue, an inferior 
bearing material in a well-designed rod may be su- 
perior to a better bearing material in an inferior rod. 
For this reason it is impossible to give definite figures 
as to the relative merits of different bearing mate- 
rials, and each engineer tries to get the best all 
around results in his own engine. 


COMFORMABILITY, EMBEDDABILITY, CORRO- 
SION RESISTANCE 

Conformability is the property of a bearing that 
permits it to deflect or distort enough to give a more 
uniform distribution of pressure. This result may be 
accomplished by design of the bearing or by compo- 
sition of the bearing alloy, or both. The cap of an 
automobile connecting rod is subject to much higher 
calculated loads than the part of the bearing in the 
main part of the rod; but due to the fact that the cap 
is usually sufficiently flexible to permit a more uni- 
form distribution of the load, the life of the cap half 
of the bearing is usually much greater than that of 
the rod half of the bearing. 

Embeddability is the property of the bearing that 
permits the embedding of small particles of dirt in 
the bearing, thus decreasing the abrasive action of 
these small particles. Examination of a used babbitt 
bearing will usually show many small particles of 
iron, or other hard materials; but these have been 
embedded in the bearing to such an extent that they 
no longer tend to cause abrasion. 

Corrosion resistance is a property that may be very 
important. Ordinary mineral oil, regardless of the 
crude or method of refining, is usually very low in 
acidity or corrosive tendencies. However, under cer- 
tain conditions, as the result of oxidation—especially 
at elevated temperatures—organic acids that proba- 
bly are quite similar to oleic acid may be formed. 
Lubricating oils differ greatly in their tendency to 
form acids by oxidation under high-temperature con- 
ditions. All crudes contain varying amounts of in- 
hibitors that decrease the tendency of oils to oxidize, 
but these inhibitors may be removed from the oil to a 
greater or less extent by the various refining meth- 
ods. As a result, a year or so ago, many of. the more 
highly refined lubricating oils were subject to oxi- 
dation at high crankcase-oil temperatures, with the 
resulting development of acids that would corrode 
certain bearing materials such as cadmium or some 
of the high-lead materials. This subject is getting to 
be better understood by oil chemists and, as a re- 
sult, many oil companies are now in production on 
lubricating oils that, although very highly refined, 
are very resistant to the development of corrosive 
acids. 


It is evident that there are three solutions to the 
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problem of corrosion of bearings. These solutions 

are: 

1. Develop oils that will not form corrosive acids, 
even under severe operating conditions. 

2. Decrease the crankcase temperatures to such an 
extent that all oils will be free from oxidation. 


8. Use bearings that are not subject to corrosion, 
even with acid oils. 


CONCLUSION 


From the standpoint of the bearings, much prog- 
ress is being made. The high-tin babbitts, SAE 10, 
11, and 12, and the high-lead babbitts, SAE 13 and 14, 
are not subject to corrosion in engines. Cadmium 
bearings, of present composition, are subject to cor- 
rosion, as are also certain of the high-lead babbitts 
such as those hardened with alkali and alkaline-earth 
metals. Copper-lead bearings are a sponge of copper 
holding practically pure lead in the pores of the cop- 
per sponge. Corrosive acids remove the lead from 
the surface of such a bearing, leaving a bearing sur- 
face of copper but without the increase in clearance 
that would result from the corrosion of cadmium or 
high-lead bearings. Under present conditions it is 
easy for an automobile company to change in pro- 
duction from one bearing material to another. Con- 
sequently, bearing materials now in production may 
not be the same as those that will be used six months 
from now. Probably all the bearing materials now in 
use will continue to be used, wherever they are found 
to be suitable, and the probabilities are that the list 
of bearing materials will be increased as a result of a 
better knowledge of the entire bearing problem. 

This problem of lubricants for the newer bearing 
materials, which at first appeared to be rather serious, 
is now being handled in a very satisfactory manner. 
The oil and automotive engineers have cooperated on 
this problem; the oil engineers have made improve- 
ments in their lubricants, and the automotive engi- 
neers have done what they could from the standpoint 
of the engine and the bearings. From time to time 
in the past, situations have arisen which at first ap- 
peared to be very serious. However, as the result of 
cooperation between the oil and automotive engi- 


these problems includes such subjects as those shown 
in Table 3. 
TABLE 3 
Problems Solved by Cooperation Between the Petroleum: and 
Automotive Industries 


. Crankcase dilution 

. Crankcase corrosion 

. Gum and anti-knock 

. Vapor lock. 

. Cold starting 

. Lubricants for the new bearing materials. 


On kh WD = 


In the early days, crankcase dilution and crankcase 
corrosion were very serious problems, but improve- 
ments in gasoline and the use of crankcase ventilators 
and jacket-water temperature control solved the 
problem. When gasolines of improved anti-knock 
nroperties were first made, considerable trouble due 
to gum was experienced. However, both the oil and 
automotive engineers made the necessary changes, 
and this problem of gum is now of minor importance. 
Vapor-lock difficulties have not entirely disappeared, 
but the control of vapor pressure of the fuel and im- 
proved fuel-handling systems have resulted in this 
trouble being under control. Several years ago cold 
starting was very serious, but more suitable lubri- 
cants, together with improvements in starting sys- 
tems, have corrected this situation. In a similar man- 
ner, as a result of the cooperation between the two 
industries, the problem of lubricants for the newer 
bearing materials is no longer a serious problem. It 
appears that by a continuation of this cooperation 
these problems may be kept under control, and other 
problems which may arise in the future may be 
solved. 
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FREDERICK D. ROSSINI 
National Bureau of Standards, 
Washington, D. C. 


N approaching the problem of the chemical consti- 

tution of the lubricant fraction of petroleum from the 
standpoint of providing fundamental data that will in- 
crease the economic utility of this material, as, for ex- 
ample, its use as lubricating oil, one may ask a series of 
questions : 

1. What are the desirable properties of a lubricat- 
ing oil? 

2. How do the desirable physical and chemical prop- 
erties change with the chemical constitution? 

3. What are the constituents of the lubricating-oil 
fraction of petroleum ? 

4, What are the methods for separating the desirable 
constituents ? 

5. Do our present refining processes effectively sepa- 
rate the desirable from the undesirable constituents ? 

When available, the answers to these questions will 
comprise a solution to the problem of obtaining, from a 
given type of crude petroleum, the best constituents for 
use as lubricating oil. 

It is possible at present to answer question (1) in the 
rather general terms of what a lubricating oil should 
and should not do in a given service, but the specific 
definition and evaluation of the several properties which 
combine to make an oil good for lubrication in a given 
service is the subject of intensive investigation in a 
number of laboratories at the present time. The answers 
to question (2) can be satisfactorily learned only by 
synthesizing appropriate compounds of known structure 
and subjecting these compounds (and known mixtures 
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ABSTRACT 


HE PROBLEM of the chemical constitution of 

the lubricant fraction of petroleum is discussed 
from the standpoint of providing fundamental data 
that will increase the economic utility of the ma- 
terial. The work of the Institute’s Research Project 
6 has yielded the following information concerning 
the constituents of a dewaxed, solvent-extracted, 
Mid-Continent petroleum: 1, the oil consists sub- 
stantially of naphthene (cycloparaffin) hydrocar- 
bons with from one to four rings per molecule, with 
paraffin side chains; 2, the oil contains no paraffin 
hydrocarbons. The possibility that present refining 
processes discard some desirable constituents is dis- 
cussed. 

This paper was presented at Seventeenth Annual 
Meeting, American Petroleum Institute, Chicago, 
November 12, 1936. 

Publication approved by the director of the 
National Bureau of Standards of the U. S. De- 


partment of Commerce. 
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of them) to proper test and measurement. The answer 
to question (5) must be deduced from an analysis of 
given processes and their charging stocks and products. 

The work of the Institute’s Research Project 6 at the 
National Bureau of Standards is aimed to ascertain the 
answers to questions (3) and (4) above, i.e., to deter- 
mine the chemical constitution of the lubricating-oil frac- 
tion of petroleum, in which work there must necessarily 
be developed methods and apparatus for effectively sepa- 
rating from each other: 1, the molecules of different 
size; 2, the molecules of different type; and 3, the 
isomeric constituents of similar size and type. 


DESIRABLE PROPERTIES OF A LUBRICATING OIL 


In order to be used efficiently in a given service, a 
lubricating oil should have certain properties which best 
fit it for that particular job. The desirable properties 
will, in general, vary with the work which the lubri- 
cant is called upon to do—although several of the re- 
quirements may be common to a number of services. 

One may, for example, consider the properties which 
a lubricating oil should possess in order that it may 
render the best possible service in the functioning of 
the modern internal-combustion engine. The desirable 
properties have been enumerated by many writers; and, 
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while there is no general agreement, the questions most 

often asked concerning the merit of a motor oil are the 

following : 

a. At the atmospheric temperatures likely to be encoun- 
tered, will the oil be sufficiently fluid to permit 
reasonably easy starting of the engine? 


b. At the temperatures and clearances occurring in the 
operating engine, will the oil provide an adequate 
film between the moving surfaces, i.e., have a 
proper viscosity, and, for severe operating condi- 
tions, have good “oiliness” characteristics? 

c. Will the oil be reasonably stable under the conditions 
of operation, i.e., be adequately resistant to chemi- 
cal reaction, such as oxidation, decomposition, or 
polymerization, at the operating temperature? 

d. Will the oil be sufficiently non-volatile at the operat- 
ing temperature to make the loss of it from this 
cause small ? 

e. Will the oil form hard carbon in the engine? 

Several of these questions, such as those involving 
viscosity and volatility, are subject to evaluation by 
simple physical measurements ; but others, such as those 
involving chemical stability and “oiliness,’ are much 
more difficult to evaluate. 

The production of a lubricating oil of any desired 
characteristics involves the selection from the crude of 
the compounds having these characteristics. 


EFFECT OF STRUCTURE UPON THE PHYSICAL 
AND CHEMICAL PROPERTIES OF 
PURE HYDROCARBONS 


Examination of any set of requirements for lubri- 
cating oil indicates that each requirement is likely to be 
very markedly a function of the chemical constitution 
of the oil. The manner in which certain physical or 
chemical properties change with chemical structure can 
be satisfactorily ascertained only by means of experi- 
ments in which substantially pure hydrocarbons of 
known structure are subjected to appropriate tests. 

The accumulation of this desirable information has 
been greatly handicapped because of the relatively small 
number and amount of hydrocarbons of high molecular 
weight which have been synthesized. However, within 
the past five years, the syntheses of some hydrocarbons 
of high molecular weight, with values of their proper- 
ties, were reported by a number of investigators ;** 
and a notable contribution to this field was made re- 
cently by Mikeska,® of the Standard Oil Development 
Company, who synthesized and determined the proper- 
ties of 52 different hydrocarbons, of high molecular 
weight, of types which might be expected to be present 
in lubricating oil. This work of Mikeska’s appears to 
be by far the most extensive and conclusive which has 
yet been reported, and includes hydrocarbons of 16 to 60 
carbon atoms per molecule containing nuclei of benzene, 
naphthalene, diphenyl, and their hydrogenated products. 
More work of this kind is extremely desirable. 

Among the properties which may be considered in 
evaluating a lubricating oil with respect to its “service” 
utility are those of viscosity, change of viscosity with 
temperature, boiling point, “oiliness,” and resistance to 
oxidation, decomposition, or polymerization. 


VISCOSITY 


In general, it may be said that, for a given number 
of carbon atoms in the molecule, the viscosity increases 
with increase in the complexity of the molecule— 
whether it be more branching in the side chain, the 
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substitution of shorter side chains for a longer one, 
or greater cyclization of the nucleus. Unsaturation, 
through the introduction of a double bond in the side 
chain, produces a slight decrease in the viscosity; and 
hydrogenation of unsaturated cyclic nuclei produces a 
moderate increase in the viscosity. 


CHANGE OF VISCOSITY WITH TEMPERATURE 


The most generally used measure of the change of 
viscosity with temperature for an oil is the viscosity 
index, in which increasing values of the index corre- 
spond to decreasing values of the temperature coefficient 
of viscosity.1® 111° In general, the viscosity index in- 
creases with the length of the side chain in a molecule; 
and, for a given number of carbon atoms, decreases with 
increase in the complexity of the molecule—whether it 
be more branching of the side chain, the substitution of 
shorter side chains for a longer one, or increased cycli- 
zation of the nucleus. The introduction of a double bond 
into the side chain attached to the cyclic nucleus of the 
molecule produces a slight increase in the viscosity 
index. With the hydrogenation of unsaturated cyclic 
nuclei, the viscosity index remains substantially un- 
changed. 

BOILING POINT 

The boiling point of hydrocarbons is primarily depen- 
dent on the molecular weight—although, for molecules 
containing a given number of carbon atoms, there is a 
significant change with the structure of the molecule. 
In general, it may be said that the boiling point decreases 
slightly with the introduction of a double bond in the 
side chain, and decreases moderately on hydrogenation 
of unsaturated cyclic nuclei. For a given number of 
carbon atoms in the molecule, branching in the side 
chain tends to produce a lowering of the boiling point. 


“OILINESS” 


The property of “oiliness” of an oil is one concern- 
ing which there is much to be learned ; and a large num- 
ber of investigators have been, and are, carrying out 
studies in this field. It will probably be found that the 
phenomenon of “oiliness” is the resultant of a number 
of more fundamental physical properties, each of which 
will be susceptible of scientific evaluation by more or 
less simple methods of measurement. The breaking down 
of the property of “oiliness’ ’into its simple components 
is resulting in a great deal more useful information 
than the empirical study of the phenomenon as a whole. 
It will be of interest to learn definitely whether the ac- 
tual hydrocarbons present in the oil differ from one 
another in oiliness. 


OXIDATION AND DECOMPOSITION 

The subject of the resistance of hydrocarbons to 
chemical reaction by oxidation or decomposition at the 
temperatures and pressures encountered in an operating 
engine is a very broad one. While there exists a large 
amount of data on petroleum oils of various sources and 
degrees of fractionation, practically no work has been 
done to determine the susceptibility to oxidation and 
thermal decomposition of the various types of pure hy- 
drocarbons of high molecular weight. A knowledge 0! 
the definite “service” value of the various types of hy- 
drocarbons with respect to stability or resistance t0 
chemical reaction under conditions approximating thos¢ 
of actual service is greatly needed. 

The necessity for making such observations under the 
appropriate “service” conditions is evident when it 1 
realized that the rates of these reactions are markedly 
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afiected by the temperature, and may be greatly in- 
quenced by the nature of the metals in contact with the 
‘ OTHER PROPERTIES 

Other physical properties, which are chiefly impor- 
tant in the problem of identifying hydrocarbons and de- 
termining their structure, but which may also be useful 
in helping to evaluate some of the “service” require- 
ments of oils, include the properties of density, refrac- 
tive index, melting point, aniline point, surface tension, 
dielectric constant, and infra-red absorption spectrum. 
Nearly all of these properties have been, or are, being 
investigated in various laboratories; and valuable cor- 
relations with chemical structure are being made. 

Reliable data on the values of these properties may be 
very useful in two ways: 1, they will aid in the prob- 
lem of identifying unknown mixtures of hydrocarbons, 
such as those encountered in lubricating-oil fractions ; 
and, 2, they may provide a measure of the utility of 
various viscous oils for certain “service” requirements, 
including those of lubricating, insulating, and other oils. 


USE OF PHYSICAL PROPERTIES IN CHARACTER- 
IZING OILS WITH RESPECT TO 
CHEMICAL CONSTITUTION 


Once a complete set of data is obtained on the physical 
properties of representative compounds of the different 
types of hydrocarbons of high molecular weight, more 
certain and effective methods of deducing the type or 
types of hydrocarbons present in a given lubricating-oil 
fraction can be established. 

In the past six or eight years, for example, a number 
of combinations involving two or more physical proper- 
ties has been devised by a number of different investi- 
gators; and they have been utilized, in a more or less 
empirical way (but with surprising success) to char- 
acterize petroleum fractions of the lubricating-oil range 
with respect to their “average” chemical constitution 
or “predominating” constituents. Such characteriza- 
tions have been made, in general, only on rather broad 
lines, because there is too wide a variety of compounds 
in commercial oils to make a simple and exact rela- 
tionship possible. Where more effective separation of 
the material into portions more homogeneous with re- 
spect to both size and type of molecules has been made, 
more exact relationships are possible. 

Some of the combinations of physical properties which 
have been successfully used in the past, and whose effec- 
liveness can be increased in the manner outlined above, 
include the following: viscosity and density; molecular 
volume and molecular weight; refractive index and mo- 
lecular weight ; viscosity and temperature; density and 
boiling point ; viscosity and boiling point ; molecular vol- 
ime and surface tension; refractive dispersion and 
molecular weight; aniline point and molecular weight; 
aniline point and density. 

As our knowledge of the actual constituents of the 
lubricant fraction of petroleum increases, the useful- 
tess of all such correlations will be materially enhanced. 


HYDROCARBON CONSTITUENTS OF THE LUBRI- 
CATING FRACTION OF PETROLEUM 


As has been pointed out by many writers, no pure 
hydroca tbon compound has ever been isolated from lu- 
bricatine oil. The existing knowledge of the hydrocar- 

N constituents is based solely on a comparison of the 
Properties of more or less closely fractionated cuts of lu- 
‘eatin oil with the values of the properties of pure 
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hydrocarbons of the sizes and types supposed to be in the 
oil. Until recently the values of the properties of hydro- 
carbons of high molecular weight were mostly obtained 
by extrapolation from values for the hydrocarbons of 
low molecular weight, and this procedure introduced an 
additional serious uncertainty into the problem of cor- 
relating properties. 

By the combination of the properties of pure hydro- 
carbons with the properties of fractions of lubricating 
oil obtained from a systematic separation resulting in 
fractions which are no longer easily separable, it is pos- 












































EXTRACTOR 
FOR SOLVENTS LIGHTER 
THAN OIL 
Sie ee 
ree A 
B 
: FOURTH 
: FLOOR 
q 
_ ee 
| THIRD 
2 FLOOR 
a a 
SECOND 
FLOOR 
a 
j FIRST 
FLOOR 
LE 
H 
G 








FIGURE 1 


Diagram of an All-Glass Extracting Column, 46 feet long,. 
used in the extraction of the “water-white” oil with Acetone 
(see Mair and Schicktanz") 
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sible to deduce with considerable confidence something “water-white” portion, by treatment of the rema ning 
concerning the nature of the hydrocarbon constituents oil with silica gel. 

of the given fractions. This procedure involves two re- The “water-white” oil, which was selected for first 
quirements: 1, having adequate data on the physical investigation, was then subjected to an extended and 
properties of the pure hydrocarbons; and, 2, carrying systematic distillation under high vacuum in order to 
the separation of the lubricant fraction to such a stage separate the material into a series of fractions differin 
that the application of the known processes of separa- with respect to size of molecules. At the conclusion of 
tion to the given quantity of material no longer pro- this extended distillation, each given fraction was ex- 




































































duces any significant change in the physical properties pected to contain, for any given type of hydrocarbon tion 
’ No. 
origin 

ge 

ORIGINAL LUBRICANT FRACTION OF PETROLEUM : 

67 kilograms 6 

KV igo"r.= 0.21 10 2.96 stoxe —Dioo®e=0.87 to 0.91 c/a. ; 

V.I.= 75 to 90 4 

29 
(last 
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EXTRACTION WITH DEWAXING AT -18 °C. ADSORPTION WITH " " 
SULFUR DIOXIDE WITH SILICA GEL | [te "extract 
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tions 
" " u " uN u 

EXTRACT WAX WATER-WHITE" OIL pf 
17.9 kilograms 20.3 kilograms 19.8 kilograms Two 
KViog’s, = 1.72 to 384 stoke KVioo% = 0-12 to 0.50 stoke KViog's = 0.21 to 1.13 stoke the | 
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SYSTEMATIC FRACTIONAL DISTILLATION IN HIGH VACUUM oo 

(oil separated according to size of molecule) and, 
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the 1 

LIGHT FRACTION SUBSTANTIALLY CONSTANT-BOILING FRACTIONS OF "WATER-WHITE" OIL] | HEAVY FRACTIONS I 
IN STORAGE 10.1 kilograms IN STORAGE 2 
6.4 kgs. ‘ ie tion, % 1.8 kgs. the 
KVioc?r KV 55% ~ 0.29 to 1.15 - Doge ~ 0.85 to 0.86 Yni. KVioo" ¢. ait 
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REFLUX EXTRACTION WITH ACETONE IN I4-METER COLUMNS 
{oil separated according to type of moiecule) 


Y 


ABOUT 600 FRACTIONS OF "WATER-WHITE" OIL 
each fraction contains molecules of substantially similar size and type 


KViog’s = 0.18 to 1,56 stoke Diogo’ =0.78 to 0.88 Ym. 
VI. = 36 to 149 























FIGURE 2 


Schematic Diagram showing the process of separating the lubricant fraction of a 
Mid-Continent Petroleum 


of the given fractions. These fractions can then be said molecules larger than those in the preceding fraction 
to be substantially homogeneous with respect to size and and smaller than those in the following fraction. The 


type of molecules. stills in which this fractionation was accomplished have 
A procedure such as the foregoing has been used by already been described.” 
the Institute’s Research Project 6 at the National Bu- Having been separated according to size of molecules, 


reau of Standards in separating the lubricant fraction of the fractions were then subjected to a separation with 
a Mid-Continent petroleum. The lubricant fraction un- respect to type of molecule, by extended extraction with 
der investigation was first separated (see Mair et al’?*"*) acetone in tall columns with reflux.** Figure 1 shows 
into three main portions of distinctly different proper- a diagram of one of the 14-meter glass columns used in 
ties: an “extract” portion, by batch extraction with this extraction. 

sulfur dioxide; a “wax” portion, by dewaxing at —18° In Figure 2 is given a schematic diagram of the sepa- 
C. from ethylene chloride as solvent; and, finally, a ration of the lubricant fraction in this manner, ad the 
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TABLE 1. 


Extraction with Acetone of a Substantially Constant-Boiling Fraction of “Water-White”’ 
Oil (Previously Dewaxed and Extracted with Sulfur Dioxide) 
























































Com- 
bustion DENSITY AT ope 
Mole- |Analysis Re- tical 
| Amt. cular | Moles 100° F. | 210° F. | 25° C. KINEMATIC | Kine- Re- | Boiling fractive| Rota- 
| of Frac-| Weight | H2O | Inthe Formula:| (Grams| (Grams| (Grams| VISCOSITY AT} matic | fractive| Point Dis- tion 
Frac- | tion | (Grams CnHon+x oat = Vis- Index at 1 | Aniline | persion |(Dextro) 
tion | (Per- per Moles illi- illi- illi- | 100° F. | 210° F | cosity 26 MM. Point | *r—*c | D Li 
No. | cent) | Mole) CO2z (n) | (x) liter) liter) liter) |(Stokes)|(Stokes)| Index D (° C.) (°C.) | (25° C.) |(100° F.) 
Original 
charge . | ee SR Sa cad ae Bebak cee Sabb ee mibeean (0.862) | 0.3034 | 0.0494 100 1.4727 oa iad ae om eeean <4ua 
1 2.9 (380) 0.8359 27.5 Te, Se SE GA CeRS Gabe 0.6259 | 0.0655 36 1.5032 As pi ee eee a 
3 3.8 380.6 | 0.8689 27.6 —7.2 0.8920 | 0.8508 | 0.9006 | 0.5785 | 0.0656 56 1.4962 | 204.0 71.6 0.0104 1.85 
6 3.9 385.8 | 0.9490 27.7 —2.8 0.8657 | 0.8257 | 0.8741 | 0.4887 | 0.0606 64 1.4778 | 204.0 104.1 0.0087 1.96 
14 3.8 385.5 | 0.9664 27.6 —1.86 | 0.8516 | 0.8119 | 0.8600 | 0.3281 | 0.0511 93 1.4717 | 204.5 107.2 0.0086 1.10 
19 6.7 385.2 | 0.9838 27.5 —0.89 | 0.8342 | 0.7941 | 0.8426 | 0.2306 | 0.0438 123 1.4647 205.6 tots: i weaee 0.31 
25 3.0 386.6 | 0.9941 27.6 —0.32 | 0.8259 .7857 | 0.8343 | 0.2010 | 0.0414 136 1.4609 | 208.2 109.7 0.0083 0.11 
28 Se Ee ee EI PA ee Pe hes 0.8227 | 0.7819 | 0.8312 | 0.1908 | 0.0404 141 1.4604 a hie 112.2 0.0084 0.05 
29 
(last)| 5.6 392.4 1.0059 28.0 0.35 | 0.8193 | 0.7782 | 0.8278 | 0.1808 | 0.0398 149 1.4587 | 206.3 113.3 0.0083 

















* These experimental data are from the work of Mair, et. al. tt, 14. 


final attainment of about 600 fractions of “water- 
white” oil of about 15 to 20 grams each. These frac- 
tions are probably nearer to pure hydrocarbons than 
any fractions hitherto obtained from lubricating oil. 
Two important points are to be noted in connection with 
the properties of a series of fractions obtained from the 
subjection of a charge of “water-white” oil (especially 
of the lower molecular-weight range) to the extraction 
process: 1, there is little change in the molecular weight 
of the various fractions obtained — indicating that the 
extended systematic distillation had done a good job in 
separating the material according to size of molecules; 
and, 2, the carbon-hydrogen composition, viscosity, den- 
sity, and refractive index change markedly from the 
first to the last of the fractions—indicating that the 
process of extraction had done a good job in separating 
the molecules according to type. 

In this connection, it must also be remembered that 
the “water-white” oil, before being subjected to this 
vacuum distillation and extraction with acetone, was al- 
ready a highly processed oil, i.e., it constituted but 


FIRST EXTRACTION 


about one third of the crude lubricant fraction, the re- 

mainder having been removed as “wax” and “sulfur- 

dioxide-soluble” material, in nearly equal portions. Each 

of the final fractions of “water-white” oil was an ex- 

tremely narrow cut, with respect to both type and size of 
ee 





part of the orig- 
1 
40,000 


molecules ; and represented about 


inal lubricant fraction investigated and about 


part of the original crude petroleum. 

Table 1 gives the properties of the fractions obtained 
from the extraction with acetone of one of the sub- 
stantially constant-boiling fractions of the ‘“water- 
white” oil. 

For the fractions of the “water-white” oil of series 
“A,” from the process of extraction with acetone, Fig- 
ures 3, 4, and 5 show, respectively, the viscosity, vis- 
cosity index, and refractive index as a function of the 
amount of charge extracted.1* The value of the given 


SECOND EXTRACTION 
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RANGE OF KINEMATIC VISCOGITIES 
MIXED FOR SECOND EXTRACTION 



































KINEMATIC VISCOSITY IN CENTISTOKES AT 100° F. 

















KINEMATIC VISCOSITY IN CENTISTOKES AT 100°F. 
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Chart showing the viscosity of the various fractions obtained in the extraction of a sub- 
stantially constant-boiling fraction of “water-white” oil: (see Mair and Willingham“) 
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Chart showing the viscosity index of the various fractions obtained in the extraction of a We 
substantially constant-boiling fraction of “water-white” oil (see Mair and Willingham") 
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RANGE OF VISCOSITY INDICES MIXED 
FOR SECOND EXTRACTION 
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Chart showing the refractive index of the various fractions obtained in the extraction ofa de 
substantially constant-boiling fraction of “water-white” oil (see Mair and Willingham“) ert 
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property for the original charge of “water-white” oil 
is also Shown. 

Of the approximately 600 fractions of the “water- 
white” oil from the final process of extraction (see fig- 
ure 3), 30 were selected as “key” fractions, and for 
these were determined values of the following proper- 
ties: molecular weight, carbon-hydrogen composition, 
viscosity at 100° and 210°F., density at 100° and 
210°F., refractive index, refractive dispersion, optical 
activity, aniline point, and boiling point at 1 mm. pres- 
sure. The properties of these “homogeneous” petroleum 
fractions were then compared with those of pure hydro- 
carbons, of the same molecular weight and carbon- 
hydrogen composition, with respect to values of vis- 
cosity, viscosity index, density, specific refraction, spe- 
cific refractive dispersion, and aniline point. Figures 6, 
7,and 8 show some of the correlations with respect to 
density, aniline point, and specific refraction.** 

From these correlations it has been possible to draw 
the following conclusions concerning the hydrocarbon 
constituents of the fractions of the “water-white” oil: 


1. Of the fractions of lower molecular weight (about 
28 carbon atoms per molecule) the least soluble (raff- 
nate) fractions consisted substantially of one-ring naph- 
thene (cycloparaffinic) hydrocarbons, and the more 
soluble fractions consisted of naphthenes with two (and 
some with three) rings per molecule. 

2. Of the fractions of higher molecular weight (about 
37 carbon atoms per molecule) the least soluble frac- 
tions consisted substantially of two-ring naphthenes 
(cycloparaffins), and the more soluble fractions con- 
sisted of naphthenes with three (and some with four) 
rings per molecule. 

3. The most soluble fraction in each series appeared 
to contain some unsaturated hydrocarbons and a con- 
siderable amount of one-ring aromatic hydrocarbons. 


4. No evidence was found for the presence of 1s0 or 
branched-chain paraffins in the “water-white” oil. 


From this information it may be concluded that, when 
the lubricant fraction of a dewaxed Mid-Continent pe- 
troleum is treated by one of the modern solvent-ex- 
traction processes, the lubricating oil produced contains 
no paraffin hydrocarbons, and consists substantially of 
naphthene (cycloparaffin) hydrocarbons with from one 
to about five rings per molecule, together with appro- 
priate paraffinic side chains. Highly-processed solvent- 
extracted lubricating oils from Mid-Continent crude 
would, therefore, appear to be composed of saturated 
cyclic hydrocarbon molecules having an appreciable 
number of the carbon atoms in paraffin side chains. 


‘ 


DO PRESENT REFINING PROCESSES DISCARD 
SOME DESIRABLE CONSTITUENTS? 


One of the important advantages which will be forth- 
coming from a more definite knowledge of the actual 
molecules present in the lubricating-oil fractions of pe- 
troleum is that of providing a conclusive answer to the 
question whether present refining processes discard 
some desirable constituents. 


The many different types of solvent-extraction proc- 
esses which have come into commercial use in the past 
few years have yielded products greatly improved in 
Many important properties. It is theoretically possible, 
however, to obtain products which, while better in some 
properties, might be poorer in others; as it is conceiv- 
able that the refining process might not only remove 
undesirable constituents, but also a particular type of 
desirable constituent, whose physical and chemical prop- 
erties are such as to cause it to possess a particularly 
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FIGURE 6 


Chart showing the densities of the final “key” fractions of 
the “water-white” oil, together with values for some pure 


hydrocarbons of high molecular weight 
(see Mair and Willingham“) 
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FIGURE 7 


Chart showing the aniline points of the final “key” fractions 
of the “water-white” oil, together with values for some pure 
hydrocarbons of high molecular weight 
(see Mair and Willingham“) 
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high value in terms of “service” requirements and yet, 
at the same time, cause it to be segregated, in the refin- 
ing process, with the undesirable molecules. 

An interesting possibility in this connection has been 
pointed out by Mair and Willingham."* It appears that, 
for aromatic hydrocarbons of one ring and naphthene 
(cycloparaffin) hydrocarbons of about six or more rings, 


SYNTHETIC HYDROCARBONS 
qT 


CONCLUSION 


The work which has been done so far on the lu)rj- 
cant fraction of petroleum by the Institute’s Resezrch 
Project 6 has pointed the way to two important studies, 
In one of these studies there is being investigated the 
“extract” or “‘sulfur-dioxide-soluble” portion (see I'ig- 
ure 3) of the original lubricant fraction, following a pro- 
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FIGURE 8 


Chart showing the specific refraction of the final “key” fractions of the “water-white” 
oil, together with values for some pure hydrocarbons of high molecular weight 
(see Mair and Willingham“) 


the solubility relations are so similar as to leave open 
the possibility of their being segregated together as un- 
desirable constituents, in the extraction processes as 
carried out at the present time. This would be a ques- 
tionable situation; since these one-ring aromatic hydro- 
carbons are known to have high values of the viscosity 
index, and may also possibly excel in some particular 
“service” requirements. Such a problem can be resolved 
by ascertaining definitely whether or not such one-ring 
aromatic hydrocarbons are actually present in the lubri- 
cant fraction of petroleum (the present evidence indi- 
cates that they are), and by learning by appropriate 
tests whether the one-ring aromatic hydrocarbons do 
possess a high “service” utility for use as lubricating oil. 

If it should be found that some desirable constituents 
are being discarded, then appropriate changes — based 
upon a study of the physical properties of the given con- 
stituents and their relative susceptibility to the various 
physical processes of separation—may be made in the 
procedure of the refining process in order to conserve 
these “good” constituents. Or it might be more feasible 
to compensate for the eliminated desirable constituents 
by the addition of appropriate other ingredients. 
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cedure somewhat analogous to that used on the “water- 
white” oil. Valuable data are expected from this in- 
vestigation, especially regarding the aromatic constitu- 
ents. In another study a closer approach will be made 
to the separation of pure hydrocarbons from lubricat- 
ing oil. 
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Corrosion Protection 


In Refineries 


ARTHUR MARKS 


Consulting Engineer and Metallurgist 


HIS paper is the outgéome of an invitation of the 

American Petroleum Institute to examine, analyze, 
and summarize records, reports and papers received by 
its Committee on Corrosion of Refinery Equipment 
since 1928. 


During the examination of these data, it seemed that 
a discussion of the fundametals underlying the two gen- 
eral types of corrosion would be of assistance to those 
concerned with the application of protective measures 
in the refinery. 

The corrosion reports show that a large number of 
tests and plant-scale experiments have been made, in 
addition to careful observations of the rate of corrosion 
and methods of prevention. 


The reasons for the various tests were not always 
stated; and, therefore, an endeavor has been made in 
this paper to present in logical sequence the physical, 
chemical, and metallurgical principles underlying cor- 
rosion, so that the cause of any particular example of 
corrosion and the reason for any particular preventa- 
tive measure will be readily apparent. 

It is first essential, in order that proposed remedies 


‘ for corrosion be understood, that the broad principles 


underlying nature’s opposition to our unstable require- 
ments be grasped. These fundamental principles are 
essentially simple in themselves, but confusion arises 
when we come to apply them to the large variety of 
conditions met with in the industry. This need not be 
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College of Science and Technology, Lon- 
don University, London, England, and 
pursued postgraduate work in electro- 
: chemistry and electrical engineering at 
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ABSTRACT 


[r HIS paper, based upon a detailed analysis of 
records, reports, and papers received during the 
past eight years’ activity of the Institute’s Commit- 
tee on Corrosion of Refinery Equipment, discusses 
the fundamental principles underlying the corrosion 
of refinery equipment, and summarizes the applica- 
tion of protective measures to such equipment. It is 
intended to serve as a general guide to those con- 
cerned: in the protection of refinery equipment 
against corrosion, and as a record of the protective 
measures utilized in the past, rather than as a dis- 
cussion of current or new developments in the field 
[of corrosion protection, 

The subject is considered under two general di- 
visions, the first of which relates to so-called high- 
temperature corrosion and the methods used to pro- 
tect equipment which is subject to such corrosion. 
The second part discusses the principles of low- 
temperature corrosion and protection against such 
corrosion. 

High-temperature corrosion agents and factors 
affecting high-temperature corrosion are discussed 
in relation to the chemical properties of metals and 
neutralizers, and with conclusions based upon the- 
oretical considerations and reported results of tests 
and usage. 

The controlling factors in low-temperature cor- 
rosion and protection are explained as an applica- 
tion of the electrolytic theory of corrosion. Summa- 
ries of tests and usage of protective methods are 
given. In concluding each division of the paper, the 
author, based upon his analysis of the Institute’s 
records, offers recommendations for lines of inves- 
tigation in the field of corrosion protection of re- 
finery equipment. 











the case if we keep these principles in mind and apply 
them logically to each case under consideration. 

The metals found free in nature are few—the most 
common examples being gold, copper, and silver. These 
are characterized by their weak affinity for oxygen and 
its allied element, sulfur. The chief useful metals are 
found in nature combined with oxygen and its chemical 
associates, such as sulfur, viz., ircn oxide and sulfide, 
copper oxide and sulfide, chromium oxide, etc. 

The metallurgist extracts or “reduces” the oxides 
and other compounds to the metal, and presents the 
engineer with a strong material of construction which 
is capable of returning to its stable oxidized or sul- 
furized state at the first opportunity given to it. 

Petroleum refining unfortunately supplies favorable 
conditions to enable the metal to return to its “native” 
or more stable state. 

In the distillation and cracking sections of the re- 
finery, there are volumes of sulfur and sulfur com- 
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pounds, high pressure, and high temperature, all of 
which combine to give the best conditions for what may 
be termed “direct-chemical-action” corrosion. 

In the condensing sections of the refinery, the metal 
is readily attacked by the oxidizing agents, chlorine and 
water. In this section of the plant consideration must 
be given not only to the direct action of the chlorine on 
the pure metal, but also to the influence of impuritjes 
or different phases of the alloys and metals, which set 
up electrolytic cells or small batteries in which one por- 
tion of the metal dissolves or is oxidized in preference 
to the other. This type of corrosion is, consequently, 
designated as “electrolytic corrosion.” 

In all forms of chemical action, whatever classifica- 
tion may be used, there is some evidence—shown phy- 
sically, as heat, light, or electricity—of the reaction be- 
tween the elements and compounds taking part. This 
may or may not be detected. Thus, for example, if 
sulfur and iron are heated together, a great quantity 
of heat is liberated; or, if iron is treated with hydro- 
chloric acid, not only is hydrogen evolved, but also an 
appreciable quantity of heat is generated. 

During the slow electrolytic corrosion of iron in dilute 
hydrochloric acid, the corrosion is accompanied by the 
evolution of electrical energy. The electrical potential 
or force given by the various metals forms a useful 
guide in the choice of metals in sections of the plant 
where condensation of water occurs. 

In the first case illustrated above, most of the energy 
of combination of the metal with the destructive ele- 
ment was liberated as heat, the process being rapid; 
but, if the process is slowed down, electrical energy is 
liberated, e. g., the electrical energy liberated by the 
solution of iron in sea water can be detected over a 
considerable distance through the sea water. An attempt 
was made during the World War to detect submarines 
lying still, below the surface, by means of the electrical 
energy of the corrosion of the hull. 

The problem of corrosion in the refinery, therefore, 
is conveniently considered—both from the nature of 
the corrosion and the operation of the plant—under 
two general divisions, as: 


High-Temperature Corrosion, or Direct Chemical 
Action 


Low-Temperature Corrosion, or Electrolytic Corro- 
sion. 


HIGH-TEMPERATURE CORROSION—DIRECT 
CHEMICAL ACTION 


The parts of the plant affected by high-temperature 
corrosion are those parts operating above the condens- 
ing temperature of water, viz., heating tubes, transfer 
lines from heater, reaction chambers, flash and rectify- 
ing towers. 


CORROSIVE AGENTS ENCOUNTERED IN HIGH- 
TEMPERATURE CORROSION 
FREE SULFUR AND SULFUR COMPOUNDS 


Free sulfur formed from the decomposition of sulfur 
compounds in the crude has been shown to have a very 
great direct action upon iron by E. Retailliau and F. R. 
Lang’ in a carefully conducted series of experiments. 
There is no doubt of the direct action of sulfur on iron 
in the absence of moisture. On the other hand, there 
is evidence that a water film may play a part in some 
high-temperature and high-pressure operations. Where 
for example, calcium hydroxide (Ca(OH),) or sodium 
hydroxide (NaOH) is introduced into the system as a 
neutralizer, the water thus added may play an impor- 
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tant part which will be discussed under the heading of 
neutralizers. 

An analysis of the series of tests of some 25 ordina 
and special steels conducted in various plants by the 
committee does not show any direct relation between 
the amount of corrosion and the percentage of sulfur 
in the crude; in fact, certain crudes relatively low in 
sulfur showed greater attack on the steels than some 
crudes higher in sulfur. 

A most interesting series of tests on this point was 
conducted by placing blanks of SAE 1020 steel in a 
Cross reaction chamber and in a Dubbs reaction cham- 
ber—the former running a crude containing 0.685 per- 
cent sulfur, and the latter running a crude containing 
more than 1 percent of sulfur. The only other variable 
factor in these tests was the pressure, which is dis- 
cussed later. 

The mean loss of metal for all the samples in the 
former case was 17.5 g. per 1,000 hours’ exposure, and 
in the latter case 7.98 g. per 1,000 hours’ exposure. This 
is a convincing illustration of the fact that the percen- 
tage of sulfur in the crude is not necessarily a direct 
measure of its corroding power—a conclusion with 
which every experienced chemist will agree. 

This would indicate the probability of the sulfur play- 
ing a cyclic function in the attack on the iron, and 
further laboratory and plant researches along the lines 
of the work of Messrs. Retailliau and Lang would help 
in the complete elucidation of the part which sulfur 
plays in the destruction of the metal. In the meantime 
it can be stated that, whether direct or indirect action 
occurs, it is probably the most active material encoun- 
tered in high temperature corrosion. 

The work of Wood, Sheely, and Trusty? with solu- 
tions of various sulfur compounds in naphtha at room 
temperature is also of importance. They showed that: 


a. Mercaptan sulfur is most corrosive, forming mer- 
captides of iron and copper. 

b. Hydrogen sulfide is very reactive, forming iron and 
copper sulfide. 

c. Free sulfur is quite inactive with iron, but corrodes 
copper and brass. 

d. Other sulfur compounds are only slightly corrosive. 

e. In all cases corrosion is accelerated by the presence 
of water. 


Other investigators, as for example Wilson and 
Bahlke,? have shown that free sulfur and hydrogen sul- 
fide are very active above 700 deg. F., but their action 
is negligible below 500 deg. F. The coating of iron sul- 
fide formed slows down the reaction, but does not stop 
it completely. The scale is loosened by heating and 
cooling, and by erosion. 

Although the sulfur content of the oil cannot be ac- 
cepted as an indication of the corrosion rate, as shown 
above, the general conclusion is that high-temperature 
corrosion is caused by free sulfur, mercaptans and hy- 
drogen sulfide, which are products produced by the 
high temperature of the stills on the more complex 
sulfur compounds originally present in the cold feed. 
Further work is desirable at high temperature and 
pressure to investigate the part which steam may play 
in the reaction. 


NAPHTHENIC ACIDS 


Recent work has shown that organic acids may be an 
important factor in high-temperature corrosion of 
equipment handling California crudes. 


Seligman and Williams‘ have shown that organic 
acids—such as acetic, proprionic, palmitic, stearic, and 
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oleic—react with aluminum at a low corrosion rate at 
200° F., but at 570 F. the reaction is quite rapid. 

The reaction rate is apparently independent of oxy- 
gen concentration, but is greatly influenced by the pres- 
ence of water. The addition of 0.05 percent of water 
practically stopped corrosion, due, no doubt, to the for- 
mation of a stable oxide film which is relatively insol- 
uble in acid and alkalies. These results must be inter- 
preted in the light of the relative solubility of aluminum 
oxide in acid and alkali, as hot acid and hot alkali will 
dissolve aluminum oxide. This question of relative solu- 
bility and mass of the reacting materials is too fre- 
quently lost sight of. For example, barium sulfate is 
relatively insoluble in water—in fact, one of the most 
insoluble substances—and in dilute ferric chloride; but 
its solubility in more concentrated solutions has led to 
some great blunders in the determination of sulfur in 
steels. Although the work of these researches deals with 
aluminum, the reactions are also possible with iron; 
and a knowledge of the work of the food-packing in- 
dustry on this subject would, no doubt, be helpful—the 
carboxylic group, (COOH) containing a replaceable 
hydrogen atom, would at once be suspect in high-tem- 
perature corrosion. 

Vuiborov® has shown that naphthenic-acid corrosion 
is experienced with Russian crudes, and Blount® has 
shown that the asphaltic crudes of California contain- 
ing naphthenic acids are very corrosive at high tem- 
perature—the lower-molecular-weight acids being more 
active than the higher-molecular weight acid, from 
light and heavy lubricating distillates, respectively. 

Laboratory tests showed that the pure acids at 650 
deg. F. penetrated steel specimens 0.058 inch per year 
at 5.5 percent concentration, and 0.203 inch per year at 
16.5 percent concentration. Copper alloys were more 
resistant than steel, and the chrome steels were prac- 
tically inert to naphthenic-acid corrosion. 

The influence of corrosion products in the refined 
product is also important. Blount® has shown that cop- 
per naphthenate and copper mercaptide, with pressure 
distillates containing as low a concentration as one part 
per million, produce striking degradation in color. Sev- 
eral corrosion reports show that less doctor reagent is 
required in treatment after neutralizers have been used 
in processing. 

INORGANIC ACIDS 

The principal inorganic acids met with in processing 
are hydrochloric and sulfurous acids, which are active 
in the presence of water. Hence, their effect is mainly 
noticeable in the lower-temperature sections of the plant, 
such as in the rectifying towers. Any action they may 
have in the high-temperature sections of the plant is, no 
doubt, masked by the more active elements in those 
sections. 


FACTORS AFFECTING HIGH-TEMPERATURE 

CORROSION—PHYSICAL OR MECHANICAL 

The factors influencing high-temperature corrosion 
are probably as complex as the nature of the chemical 
teactions taking part. 


PRESSURE AND TEMPERATURE 


An examination of the steel corrosion tests conducted 
by the committee in various plants failed to show any 
direct relation, except perhaps in the case of plain 
carbon steels, SAE 1020, used as comparison blanks. 

The mean temperatures in the two series were ap- 
proximately 900 deg. F., with a variation of 20 deg. to 
25 deg. above and below this figure. The pressures were, 
however, 700 Ib. where the rate of corrosion was 17.5 g. 
per 1,000 hours’ exposure to crude containing 0.685 
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percent sulfur, and 175 lb. where the rate of corrosion 
was 7.98 g. per 1,000 hours’ exposure to crude contain- 
ing more than 1 percent of sulfur. 

These results would indicate that pressure is the pri- 
mary factor in the corrosion. Probably the hydrogen- 
sulfide gas is the active agent being compressed or gen- 
erated under pressure. One has only to correlate these 
figures with the modern pressure processes for the syn- 
thesis of ammonia to realize that both pressure and 
temperature may play a more important part in the cor- 
rosive process than the actual percentage of reacting 
substances, such as sulfur; as there is always present 
more sulfur even in the low-percentage crudes than it is 
desired to see taking part in the corrosive action, as 
evidenced by the flow of the excess to subsequent parts 
of the plant. 

The results stated above showed that increasing the 
pressure by four times doubled the corrosion, even in 
the presence of a smaller quantity of sulfur. 


TURBULENCE 


This is. a secondary effect, in that it removes the 
prodtcts of corrosion from the surface of the affected 
part by mechanical action. So far as known, there is 
no case of erosion where, in the final analysis, the me- 
chanical effect was the primary cause of the loss of 
metal—excepting, of course, cases where abrasive sub- 
stances are deliberately introduced into the stream, such 
as in sand blasting. The increased velocity and change 
of direction of the fluid washes off the corrosion prod- 
ucts, and to some extent the corrosion products may 
themselves be soluble in the oil flowing through the 
tubes. Cleaning tools also remove the protective film, 
although in some cases it is noted in the corrosion re- 
ports that the tools used are of such a nature that they 
are, in the opinion of the operators, not responsible for 
their excessive corrosion figures. 

The turbulence depends upon the skin friction of the 
pipe, the speed of flow above that normal for the par- 
ticular liquid and “pipe-skin” effect, the changes of 
contour of the pipe, the presence of unfilled gaps at 
joints, the partly vaporized condition of the stream, 
and like factors. To reduce turbulence to a minimum is 
a question of correct design and execution in relation 
to speed of flow and pressure drop. It is obvious that 
the commercial as well as the physical factors are con- 
sidered by the designer, and the metallurgist has given 
him adequate help in the solution of his problem as 
indicated by the corrosion reports. 


EROSION 


Several reports from members deal with erosion of 
headers in tube furnaces. This case may be profitably 
considered in detail. 

When the oil flows through the straight portions of 
the tube in a tube still, the particles of oil close to the 
wall of the tube are slowed in their travel by the skin 
friction of the surface of the tube, which is greater than 
the friction between the particles of the oil. Hence, 
there is a natural tendency for the remainder of the 
oil being prevented from making contact with the sur- 
face of the tube. The number of particles touching the 
surface of the tube at any section will, therefore, be 
proportional to the internal circumference of the tube. 

When the oil reaches the header, a change of direc- 
tion occurs, and the straight streamline flow is upset. 
Particles at the center and between the center and cir- 
cumferential row of particles flow to the circumference, 
so that the sum of all the particles of oil at the cross- 
section can now make contact with the metal. Since 
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in any chemical or corrosive action the amount of action 
is proportional to the reacting masses, a much greater 
contacting of oil per square inch of metal surface oc- 
curs at the header than in the tube and, hence, a much 
greater corrosion. 

In this connection, consider as a contrast a case of 
pure erosion, as for example, in a sand-blasting plant. 
Here the particles of sand move in a stream of air with 
no cushioning or lubricating effect. The particles of 
sand themselves are inelastic (for practical purposes) 
and, hence, the force developed by their sudden stop- 
page by a surface of metal may rise to infinity. As is 
well known, the action is sufficiently powerful to erode 
or to break off mechanically particles of steel from a 
steel surface. 

This may occur in still tubes owing to the loosening 
of fine coke particles on re-cycle of cracking stock. Its 
action is modified according to the degree of vaporiza- 
tion occurring. In a complete liquid-phase process the 
oil will tend to cushion and lubricate the particles strik- 
ing the wall of the header, but there is obviously the 
probability of mechanical erosion by the coke particles. 
The substitution of a cast chromium-steel header gives 
increased resistance to both erosion of this kind, on ac- 
count of its greater hardness, and also to corrosion on 
account of its more inert chemical character. 


GENERAL CONCLUSIONS RELATING TO HIGH- 
TEMPERATURE CORROSION 
The general conclusions regarding high-temperature 
corrosion may be summarized briefly: 

1. Sulfur and its compounds are the primary reactive 
substances. 

2. Their influence is a function of temperature and 
pressure, rather than of percentage of sulfur in 
the material being processed. 

3. The higher pressures, coupled with the high tempera- 
ture in liquid-phase cracking, result in local over- 
stress of the metal and increased rates of corro- 
sion. 

4. Mechanical erosion, due to loosened coke particles 
travelling at high velocities, may increase the 
rate of corrosion where a change in direction of 
flow occurs owing to actual mechanical removal 
of protective corrosion products. 

5. The influence of moisture in the crude should be 
studied further. In this connection, the remark- 

able economic results in blast-furnace practice for 
the manufacture of pig iron, by removal of water 
from the air entering the furnace, are deserving 
of close consideration. 


PROTECTIVE METHODS FOR COMBATING HIGH- 
TEMPERATURE CORROSION 
USE OF CORRECT MATERIALS OF 
CONSTRUCTION 


As has been indicated in an informal manner during 
the discussion of corrosion, a primary factor of cor- 
rosion is the tendency of the metals to return to a more 
stable state under the conditions in which they are 
giving useful service. 

The natural course would, therefore, be to seek for a 
material which is stable or is highly resistant to attack 
by corrosive agents. Considerable advance has been 
made in this direction, owing chiefly to the demands of 
the synthetic-ammonia and the oil-cracking industries. 

The ancient injunction, “seek and ye shall find,” is 
still true, and the findings are infinitely greater owing 
to the simultaneous development of research tools, so 
that results of the searchings are accruing at a com- 
pound-interest-law rate. 


The chemical factor which has to be met in high- 
temperature high-pressure processes in the refit ing 
industry is the affinity of sulfur and its compounds for 
the metals. 

In the high-temperature sectons of the plant, there- 
fore, metals are required of adequate mechanical 
strength so that the metal thickness will not be unduly 
great, and consequently, have a high temperature-stress 
factor, and be heavy and expensive. The structural form 
must comply not only with adequate capacity, but with 
a minimum bending and creeping at the high tempera- 
tures used, and a maximum bursting resistance to with- 
stand the pressures. 

Once the high-temperature strength factors are 
known, these structural requirements can be calculated. 

The heat of formations of the sulfur compounds of 
the metals may be taken as a guide in their choice; but 
in the first place, naturally the engineer has taken the 
cheapest and strongest metal for construction, viz., steel, 
and asks for improvements as temperatures and pres- 
sures are increased. 


Considering a few of the common metals in regard to 
the heat of formation of their sulfides, these have been 
determined experimentally or calculated from experi- 
mental data, as in Table 1. 

















TABLE 1 
Heat of 
Formation 
of Sulfide 
Metal (Calories) 
DIN os ics ow eens es Al-AlIS; +126,400 
BOON Soe eho eck Sak cuebensuke Fe-FeS, + 35,600 
DEE Cala tiisinc sc Sacean os need Fe-FeS + 23,060 
ES TREO er enT es ee ae Pb-PbS + 22,200 
RE EES ARR pe Cu-Cu,S + 18,970 
UE Ges kb cut enees creas Ni-NiS + 17,390 
oS sate ncaa sh Cu-CuS + 11,610 








The metals which unite with sulfur, forming sulfides 
with low heat of formation, readily form sulfides; and, 
conversely, the sulfide readily undergoes decomposition. 

For instance, in the case of the most useful commer- 
cial metal iron, the sulfide easily forms under increas- 
ing temperature and pressure, but is also easily decom- 
posed at the same temperature by reducing the pres- 
sure below that of the atmosphere. 

Aluminum with a high heat of formation of its sul- 
fide has been tried as a lining for expansion chambers 
and drums subject to corrosion by sulfur gas, but not 
with any marked degree of success as reported in the 
corrosion reports—due, no doubt, to other factors, par- 
ticularly the mode of applicaton, etc. 

The most successful material so far tried has been 
the high-chromium iron alloys. These are both resis- 
tant to sulfur corrosion and, by the addition of suitable 
quantities of nickel and reduction of the carbon con- 
tent to a minimum, are, generally speaking, structurally 
strong. 

Chromium-nickel-iron alloys have therefore, been 
used with considerable success as still tubes and as lin- 
ings for the vapor space of forged-steel drums and re- 
action chambers, but have not been universally fa- 
vored. 

The loss of metals may be due not only to direct com- 
bination with sulfur, but also to the part which oxidiz- 
ing agents, such as water, may play in the high-tempera- 
ture parts of the plant. 

The heat of formation of the oxides of the metals 
may, therefore, be considered in this connection. 

The results of the corrosion committee’s experiments 
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may be usefully considered in the light of these figures. 

For example, simple nickel-iron alloys, and high- 
nickel with low-chromium content alloys, were among 
the group of highly-corroded metals—which result 
would be anticipated from Table 2. 

The figures for the heat of formation of the oxide 
of chromium, together with its high-tensile properties, 
are confirmed by both the corrosion committee’s tests 
and by experience. With regard to aluminum, the re- 
sults have been successful in some cases and failures 
in others. For example, “calorized’’ tubes of recent 
manufacture appear in some reports aS giving satis- 
faction. In this connection, the low density of alumi- 
num should not be overlooked. 

The border-line results shown by the molybdenum 
and tungsten steels indicate the need for further devel- 
opment by the addition of increasing percentages. Apart 
from their direct influence, their indirect influence in 
dissolving carbon, and so preventing the deposition of 
carbides on the crystal boundaries of the alloy during 
continued heating is important. 











TABLE 2 

Heat of 
Formation 

of Oxide 
Metal (Calories 
Per Gram) 

ee er rece Al-Al.O; 389,490 
ee ae ee Cr-Cr.0; 267,390 
EER ASE eR LES Ti-TiO, 217,400 
SPREE Secure ee thi Si-SiO, 201,340 
_ . Sa ree. Sn-SnO, 138,100 
OP ORCRUM oo 6c. s ccc nsses Mo-MoO, 131,400 
oS Rae Grete rere noe. W-WO. 126,200 
en Sy eee ee ae Mn-MnO 90,800 
Tron Santas Sica keto! < alcsenanend Fe-FeO 64,040 
DUE: ii) Sc deniodana coal Ni-NiO 57,830 
ONS RIOT Siaibes oaR VER he Die ket Pb-PbO 52,473 
itt ab eldleoue tee Cu-CuO 34,890 


Copper 











The usefulness of tin is indicated, but its low melting 
point and mechanical characteristics probably preclude 
its use in high-temperature service. 

In combination with copper and zinc, tin has per- 
formed great service, and its value will be seen under 
the discussion of low-temperature protective methods. 

The heat of formation of the oxide of titanium, to- 
gether with its high melting point of 1,800 deg C., indi- 
cates that useful investigations — in addition to what 
has already been done—are desirable. 

Frequent references are made in the corrosion re- 
ports to the presence of magnesium chloride in the 
crude from which hydrochloric acid is formed by dis- 
sociation. The heat of formation of the chlorides of 
the metals in connection with their resistance to cor- 
rosion in high-temperature parts of the plant should 
be considered. Water is frequently present (Table 3). 

One of the most important questions in high-tempera- 
ture corrosion relates to whether conditions in the heat- 
er tubes, reaction towers, and drums is oxidizing or re- 
ducing. The presumption generally is that the condi- 
tions are of oxidizing character. 

The major reaction taking place is that of the direct 
union of sulfur with the metal. On the other hand, 
views have been expressed as to the possible action of 
aqueous films, and these are entitled to consideration. 
The presence of water or steam at the high tempera- 
tures used would indicate the possibility of the forma- 
tion of sulfuric acid by oxidation of the sulfur which 
attacks the iron to form a sulfate which is subse- 
quently decomposed. Sulfate of iron is readily decom- 
posed at relatively low temperatures, and the fact that 
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the final product is iron sulfide does not preclude the 
possibility of this cycle reaction. In this connection, 
the varying results reported with calorized tubes are 
worthy of further investigation. 

The corrosion reports show different degrees of suc- 
cess and failure with alloy steels, and there is no gen- 
eral and decisive view as to the economic necessity 
for any particular composition. 

Some reports show that technical and economic re- 
quirements are met with 18 Cr-8 Ni steel, while others 








TABLE 3 

Heat of 
Formation 

of Chloride 

(Calories 
Metal Per Gram) 
Chromium —(CrClx4H:0)Clx6H:O ....... 845,010 
Chromium —Crely 5.3 nsec ives ek poems 139,550 
Chrominm Grek, 5.56 kb eae es chee ees 99,640 
Aluminum —AICIs6HsO 2.6 ioe ee tian 641,820 
Aluminum ~<-AICR: 5s ies tie nap sies oben’ 166,800 
Silicon eG gcc ea ce eee peaked 149,100 
Copeer EA - 5... sa skepneanbernarmess 195,030 
Copper eG Ie Ss pon Bae eee on eer 51,422 
Manganese—MnCle ........ cece cece ceeees 112,690 
Iron meek: 3. vk suishaseee emcees 81,864 
Iron ae a Prenat iti eve re 96,300 
Tin Bes fc Pe eR are eane Hane yet: 81,147 
Tin pe es , Ue ee caer Ne ts 233,700 
Tin a MMA) i 56. cia Vet Done we eee 127,400 
Titaniuin «TA oo. en vassaonseea Aloo 183,500 











show preferences for both 4-6 Cr and plain carbon 
steel. Carbon-molybdenum tubes are preferred for high 
temperatures with little corrosion, and chrome-molyb- 
denum tubes for corrosive conditions in cracking stills. 

It is evident from the corrosion reports that the steel 
which most economically meets the corrosive action of 
the particular crudes being handled is the one to use. 
Generally speaking, there is no majority tendency to- 
ward the use of high chromium-nickel alloys. Some 
members have not found calorized tubes better than 
plain carbon steel, while others show satisfactory results 
by the use of 4-6 percent chromium steel, with 0.4 
to 0.6 percent of molybdenum. Other chromium steels 
are on trial. 

It would probably be an advantage to have a definite 
maximum depreciation figure per 1000 barrels of dis- 
tillate gotten out as a guide in the choice of the more 
expensive metal with its increased life. 

In the large-diameter sections of the high-tempera- 
ture plant, such as expansion and reaction chambers 
and drums, both linings of high-chromium steel and 
plain carbon steel with chromium plating have been 
tried. The greatest practical difficulty encountered has 
been in the correct attachment of special linings. Coke 
is formed between the lining and the walls of the cham- 
ber, with resulting buckling and inefficient contact; 
but, nevertheless, quite advantageous results have been 
obtained. 

One report—on the use of 18 Cr-8 Ni plates in 
forged-steel tube drums giving a life of 18 months— 
favors the use of corrosion-resistant metal of this com- 
position. Other reports indicate that successful protec- 
tion can be obtained with sprayed aluminum, where the 
aluminum is put on with the electric torch and not with 
the oxyacetylene spray. 

Anyone familiar with the oxidizing action of the 
spray gun will at once see that the metal was probably 
oxidized and ruined before it was put to use; the elec- 
tric torch, being much less oxidizing than the oxy- 
acetylene torch, gave a successfully coated surface. 

Chromium plating has been tried with some success 
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in large high-temperature vessels. Considerable im- 
provement has been effected in the application of chro- 
mium plating by improvments in the electrolyte and 
the distribution of the anodes when plating. The great- 
est defects in chromium plating have been the forma- 
tion of pin holes and lack of adequate contact with the 
steel. The majority of the corrosion reports indicate 
that the most practical and successful method of pro- 
tection has been by the use of metal linings attached by 
riveting and electric welding. 

Non-metallic linings have been used in some high- 
temperature sections of the plant, soaking drums having 
been lined with 2 inches of concrete with successful re- 
sults. Fractionating towers have been successfully lined 
with both gannister and acid fire brick, as well as with 
cement attached to the tower by means of expanded 
metal. An “acid-character” material such as gannister 
would be theoretically the better type, as the neutraliza- 
tion of alkali in a cement lining results in ‘“spalling”— 
which anticipated result is indicated as having occurred 
in several reports. The action of magnesium salts on 
concrete would also anticipate the probability of spalling 
occurring, in view of the reported presence of mag- 
nesium salts in many crudes. 


ADDED CHEMICAL REAGENTS—NEUTRALIZERS 


The use of a neutralizer is probably the simplest and 
most practical method of suppressing corrosion. This is 
shown clearly in the corrosion reports. 

The three neutralizers employed in various plants 
were caustic soda, lime, and soda ash. 

The chemistry of the process of neutralization as ap- 
plied to high-temperature corrosion probably includes 
the following reactions: 

1. Combination of the neutralizer with sulfur and 
sulfur compounds. 

2. Suppression of the hydrolysis and dissociation of 
the less stable chlorides. 

3. Neutralization of the naphthenic acids. 

Caustic soda and caustic lime unite with sulfur and 
with hydrogen sulfide. The reactions occurring may be 
expressed by the equations: 


NaOH+S=Na:S+H:0 
Na:S+S=Na:Sz, etc. 
NaOH}+H:S=NaHS+H:0 
NaOH+NaHS=Na:S+H:0 


The majority of the reports show a preference for 
using lime rather than caustic soda or soda ash. It is the 
cheapest, but sometimes results in off-specification fuel 
oil. A consideration of the heat of formation of the sul- 
fides may be of value in connection with these results. 


HEAT OF FORMATION OF THE SULFIDES 











Heat of 

Formation 

(Calories 

J aneee Het fee o ____Per Gram) 
RENNIN UNISRERO—"IN@eS oc kc tec ee ccc cc ccsce 44,100 
EE SES OS Se ee 114,820 
Ammonium sulfide—(NH,)2S ................. 6,200 
Ammonium hydrogen sulfide—(NH,)HS...... 42,400 








It will be seen that the sodium sulfide is more readily 
formed, but not so stable as calcium sulfide; and that 
calcium oxide (lime) is theoretically the best neutralizer 
to use. The general conclusion from experience is that 
caustic soda is more efficient than calcium oxide (lime), 
combining more readily with sulfur and also improving 
the quality of distillates; but precautions against em- 
brittlement of the steel, degeneration of fuel-oil and 
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asphalt quality are necessary. Ammonia is not satis!ac- 
tory in high-temperature portions of the plant—the -ul- 
fide being less stable and, if formed, readily dissociaied, 
The use of caustic soda undoubtedly introduces serious 
operating hazards and, hence, the general practice has 
tended toward the use of lime as the most practical 
neutralizer for high-temperature corrosion. The report 
of the Sub-Committee on Neutralizers, of November 
9-11, 1931, deals fully with the subject. 

The problem of caustic embrittlement of the steel has 
been investigated by Williams and Homerberg,’ and 
others. Generally, the tendency has been to attribute the 
action to the absorption of hydrogen and the reduction 
of sulfides and oxides at the crystal boundaries of the 
metal. While this action may be true, the simple expla- 
nation that there is alkali corrosion occurring during 
which the segregates and impurities at the boundaries 
are dissolved is the more probable explanation—an 
alkali-corrosion cell being formed. The suppression of 
caustic embrittlement, by suitable treatment of the metal 
in the course of manufacture has been held back by 
the ancient specifications for the numerous varieties of 
boiler plate on the market under the various names of 
“still” steel and the like. The idea that a dead soft steel 
is the best for resisting alternating stress is still preva- 
lent in the mind of the mechanical engineer who over- 
looks the fact that not only caustic embrittlement, but 
also alternating-stress fractures, start at places of 
minor weakness in the steel, i. e., at slag lines and at 
crystal boundaries where impurities thrown out during 
crystallization are deposited. 


QUANTITY OF NEUTRALIZER REQUIRED 


Lime: The reports show that most of the refiners 
used between 0.1 and 1.5 pounds of lime per barrel of 
crude charged, and in one case (Kansas crude) as low 
as 0.02-0.03 pound of lime per barrel of crude. 

The amount added has been controlled generally by 
the condition of the coke, working for coke deposits 
which are just alkaline. The net result in the corrosion 
loss has been stated to be a reduction of from 25 per- 
cent to “complete inhibition of high-temperature corro- 
sion”—the latter statement being made in regard to the 
cracking of high-sulfur oil. One operator who used 
from 0.6 to 1.5 percent of lime reported that the quan- 
tity used was too much. In that case, protection of 
heater tubes and towers was from 80 to 95 percent 
effective. 

Caustic soda: This is introduced in water solution of 
from 15 degrees to 25 degrees Baume gravity. The 


‘quantity used varies from 0.09 to 0.25 pound per barrel 


processed. 

Chamber corrosion was reported as being reduced 48 
percent, and in other cases iron in the distillates was 
reduced 80 percent. One case reported corrosion en- 
tirely eliminated, and another case reported one severe 
failure due to caustic embrittlement. 

The quantity required is less than in the case of lime, 
and appreciable improvements are reported in the dis- 
tillates. The “spent” caustic soda left in residual oils 
gives trouble in slagging of furnace walls, where rest- 
dues are burned as fuel. 

It would be of advantage in the discussion of this 
problem if figures were available showing the condition 
of the residue in the coke, i. e., to what extent the 
alkali is in the form of sulfide, oxide, sulfate, or salts 
of naphthenic acids. 

No doubt some members have investigated this ques- 
tion, and the information if available would be of value. 

Ammonia: The low heat of formation of ammonium 
sulfide would at once indicate the probable ineffective 
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value of this alkali in high-temperature corrosion pro- 
tection. Where adequate quantities of water are present 
for the direct formation of ammonium hydrosulfide, its 
use would be indicated. In practice it has shown itself 
inadequate and practically ineffective, but its use gave 
protection in the low-temperature portions of the plant 
by passing over with the distillates. 


PROTECTION BY MEANS OF “FILMS” 


The application of films for the purpose of protection 
from corrosion is a familiar matter in regard to atmos- 
pheric corrosion, which is discussed later under the 
question of low-temperature corrosion. The problem 
of protective films under high-temperature conditions 
needs to be examined from another angle. 

The most illuminating example of protection by films 
in the refinery is found where films of coke are formed, 
such as in still tubes and high-temperature drums. These 
films prevent contact of the oil with the metal, but suf- 
fer from the defects of other film-protection methods. 
The films of coke are highly non-conducting and, hence, 
tend to cause overheating of the tubes; they are porous 
and, hence, permit the slow diffusion of oil to attack the 
metal. They increase rapidly in thickness, due to the 
increasing temperature, etc., until finally their thickness 
becomes such that a shut-down is necessary for their 
removal. SA 

In addition to these decomposition films there are cor- 
rosion films to consider. The remarkable resistance to 
corrosion of the chromium alloys has been attributed to 
the formation of protective corrosion films. This view 
is probably erroneous. As discussed above, the working 
temperature is below that at which chromium is at- 
tacked readily by sulfur. Some metals, such as iron, as 
shown by various researches, are attacked at compar- 
atively low temperatures; and others, such as copper 
and silver, at atmospheric temperatures. 

In the case of aluminum which forms an oxide 
readily in the air, the oxide being relatively insoluble in 
water, a protective surface is formed on the aluminum. 
Similarly, there is the well known “passive” state in 
which a metal, like iron, for example, in a strong acid 
1s protected by the formation of an oxide film or high 
oxygen-metal-concentration film. While this is true in 
these cases, the application of this theory to other cases 
where other factors of greater importance are present 
has been overdone. The extent to which this has been 
carried may be realized by the fact that it has been 
considered necessary to reduce the thickness of the pro- 
tective film to a few molecules of thickness, owing to 
lack of evidence of its presence; whereas the straight- 
torward explanation that the conditions present do not 
Warrant any action is often ignored. Insofar as protec- 
tive films formed by oxidation of the metal are con- 
cerned, they may be dismissed when considering the 
lesser corrosive action occurring when a chromium alloy 
is substituted for a plain carbon or a nickel steel. The 
explanation of the superior resistance of chromium to 
sulfur and acid corrosion is probably due to its more 
inert character at the temperatures now used than to its 
lorming protective films on its surface. 

Whatever explanation is found ultimately to be the 
correct one, the influence of the protection afforded by 
increasing chromium content is undoubted. 


RECOMMENDATIONS FOR LINES OF 
INVESTIGATION 
Progress is essentially the result of an attitude of 
mind combined with an adequate grasp of the funda- 
meital facts. For example, in considering high-tempera- 
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ture corrosion, it has been shown that the metals may 
be arranged in order of the heat of formation of their 
oxides, and consideration of these figures would indi- 
cate the uselessness of investigating nickel alloys as 
high-temperature corrosion-resisting metals. On the 
other hand, the influence of nickel on the mechanical 
properties is a well established fact; and, hence, it may 
be necessary to incorporate this element in an alloy for 
the mechanical effect of increasing the elasticity of a 
hard material. 

The recommendations for lines of investigation in 
connection with the suppression of high-temperature 
corrosion may be considered under the following sec- 
tions : 


Distilling Process 

Structure of Plant 

Composition of Metal or Other Materials of 
Construction. 


DISTILLING PROCESS 


The fundamental requirements for a distilling process 
are heat and reduced pressure. The function of the ap- 
plication of heat is to raise the vapor pressure of the 
liquid to that of the atmosphere; at this vapor pressure 
the liquid boils. This can be assisted by reducing the 
pressure of the atmosphere in the distilling vessel or 
by the application of Dalton’s law. In recent years the 
principle of reducing the pressure of the atmosphere 
has been applied to bubble towers, some of which work 
under high vacuum. . 

The majority of the stills in modern practice demand 
a high pressure to give a rapid flow through the tubes, 
of the order of 13 feet per second, and also for other 
reasons—hence, the higher rate of corrosion from sulfur 
and sulfur compounds, whose activity appears to bear 
a definite relation to pressure. As far as the process is 
concerned in relation to corrosion, the following inves- 
tigations are suggested: 

The solubility of sulfur and sulfur compounds in 
various crudes. 

The fundamental nature of the sulfur compounds in 
the various crudes and their physical and chemical char- 
acteristics. Some work has already been done on the 
first and second investigations. 

Variation of solubility of sulfur and sulfur com- 
pounds in the crude with temperature and pressure. 

Based upon the first and third, investigation of the 
problem of bleeding the sulfur after the pre-heater. 

Investigation of the nature of the reaction with neu- 
tralizers in presence and absence of water. An examina- 
tion of the condition of the sulfur in the coke would, no 
doubt, assist in elucidating the function which water is 
performing in the corrosion, if any. 

Assuming for the moment that water plays a part in 
the high-temperature corrosion, investigation of meth- 
ods of removal of water seems desirable. 


STRUCTURE OF PLANT 


The development of the tube still in modern times 
has shown a grasp of the fundamentals of heating a 
liquid by increasing the surface exposed to radiant heat 
in relation to the volume. Apart from its influence on 
the product of distillation, pressure has been applied to 
give a volume efficiency, etc., to the plant resulting in 
increased corrosion. Possible mod:‘cations of plant 
structure insofar as it may affect corrosion should be 
considered. 

Tube headers are shown by the corrosion reports 
to have excessive corrosion due to turbulence at 
these points. A study of the influence of the form 
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of header is indicated, and tests would be usefully 
made on the comparative influence of circular head- 
ers and parabolic headers. These two types of head- 
ers could be constructed in glass by people who 
have experience in heavy-glass-tube manufacture for 
industrial use. Actual visual observation of the 
character of the phenomena of turbulence could be 
studied in this manner. 


The influence of coke upon the rise in temperature 
in the metal of the tubes is well known. The allow- 
able thickness of coke deposit for the various steels 
is also known, varying from about 0.05 inch for a 
carbon steel to as high as 0.4 inch for some of the 
special steels—this allowable thickness of coke de- 
pending upon the creep strength of the steel. It 
might, therefore, be of value to know the relation 
between tube diameters and coke formation for the 
various crudes at various speeds of flow, and also 
the temperature and pressure relations for coke 
formation with various crudes. 


The nature of the passage of the corrosive sulfur 
and sulfur compounds through the oil film, and sub- 
sequent coke deposit in still tubes, would also ap- 
pear to be of value to the refiner. Is the process of 
sulfur corrosion taking place through the protective 
coke skin one of diffusion or chemical decomposi- 
tion? Thus a knowledge of this question might as- 
sist in the solution of the corrosion problem by 
introducing a protective skin of different character, 
but of high heat conductivity such as is brought 
about when using lime as a neutralizer—the alkali 
in the coke deposit forming a chemical trap for the 
corrosive sulfur. 


Deposition of coke and similar formations on sur- 
faces depends riot only upon the temperatures of 
decomposition, but also upon the chemical nature 
of the contacting metal and the physical nature of 
the surface of the metal. It would, therefore, be de- 
sirable to investigate the nature of the metals and 
surfaces upon which coke does and does not deposit. 
The nature of the metal is the most important 
factor. 

For example, a highly-carbonized metal surface 
is more resistant to deposits in general, and also is 
closer in texture. An investigation, therefore, of 
interior carburized tubes would suggest itself. 


COMPOSITION OF THE METAL 


In the general discussion of corrosion it has been 
shown how the application of fundamental chemical 
and metallurgical principles may be used as a guide 
in the selection of metals and also in experimental 
work in the suppression of corrosion. 


Keeping in view the questions of mechanical 
strength and economy of capital cost of plant, the 
basic material of construction has been mild steel. 
This has been alloyed with various elements such 
as chromium and aluminum. The high resisting 
qualities of aluminum to sulfur attack are well 
known to refiners; and, therefore, a close study of 
the related elements would be of value. The element 
titanium—which has been given third place in the 
series aluminum, chromium, titanium—would indi- 
cate the desirability of a concentrated study of 
titanium steels. 

Perhaps more important is the study of the silicon 
alloys. If a method can be found of impregnating 
the surface of a strong carbon steel with silicon, 
thus combining the highly-corrosion-resistant silicon 


alloys with a backing of strong metal, a widely use- 
ful material would be in the hands of the refining 
industry. The possible low price of such a volume 
product would enable it to be used in the high- 
temperature and low-temperature parts of the plant, 
and it offers the solution of many phases of the 
corrosion problem. 

Since the writing of the above paragraph, a proc- 
ess has been found to accomplish the impregnation 
of steel with silicon. Bubble caps and tubes up to 
6 feet long are being tried out, and the results will 
be watched with interest. 


LOW-TEMPERATURE CORROSION IN PRESENCE 
OF WATER—ELECTROLYTIC CORROSION 
This type of corrosion is found in those sections 
of the plant where water may be condensed and 
form a vehicle to carry the corrosive acids, salts or 

dissolved gases. 

These sections are the partial condensers, sub- 
merged-coil condensers, after coolers, and run-down 
lines. 

This form of corrosion has been explained in mod- 
ern times under what is known as the eleatrolytic 
theory of corrosion. It is essentially based upon the 
fact that an electrolytic cell is formed between the 
various metals used in the construction; or between 
the metallographic phases of the metal; or between 
the metal and the corrosion products in presence of 
water containing salts. These factors are again in- 
fluenced, as discussed later, by the concentration of 
the salts in the water (called electrolyte) and ox- 
ygen concentration. An oxygen-concentration cell 
may be formed between different parts of a single 
phase of a pure metal, set up by the difference in 
oxygen concentration at two points in the “circuit” 
and other factors. 


CONTROLLING FACTORS 


Probably the most important point in connection 
with the question of corrosion has been the discov- 
ery of what is known as the “controlling factor.” In 
this conception it has been found that there is a 
principal factor controlling the rate of corrosion, and 
underlying this there are other factors Capable of 
considerable variation without influencing the rate 
of corrosion. 


SOLUTION PRESSURE 


When dealing with large quantities of condensate 
as in any commercial condensing system, the pri- 
mary factor is probably the solution pressure of the 
metal. If, for example, iron as a single phase cor- 
rodes or dissolves at a certain rate in dilute acid, it 
is possible, by the addition of other elements to the 
iron, to lower the solution pressure and thereby re- 
duce the energy dissipated in the form of corrosion. 
For example, the solution pressure of iron may be 
reduced by the addition of 14 to 20 percent of sil- 
icon. Also the solution pressure of zinc-copper al- 
loys may be reduced by the addition of tin, which 
forms a solid solution in the alloy and tends to 
reduce its solution pressure. Tin in excess of the 
quantity soluble in the zinc-copper alloy has an 
important bearing on corrosion—which is discussed 
later. 

The energy lost in the form of dissolved metal 1s 
the important factor. This energy may be/ expressed 
by the old equation E=mv’ (where E ‘represents 
the energy, m the mass, and v the velocity of the 


514 Refiner & Natural Gasoline Manufacturer—V ol. 15, No. 11 





bor 


ste 
hay 
up 

bec 


ot 


in 
les: 
gat 
pul 
que 
of 


alle 
rea. 
the 
im] 
ulti 
lim 
sec! 
ital 
assi 
inat 
tior 
tect 


I 
tion 
wor 
sing 
the 
and 
usu: 
fore 
itse’ 


No: 





, 
che 


oc- 
ion 

to 
vill 


CE 


ons 
ind 
or 


wn 


49) 


tion 
‘OV- 
’ In 
is a 
and 
> of 
rate 


sate 
pri- 
the 
cor- 
d, it 
_ the 
r re- 
3i0n. 
y be 
 sil- 


hich 
s to 

the 
; an 
issed 


al is 
-ssed 
sents 
' the 


mass m) which has become famous in its application 
by Einstein to the problem of light. He was careful 
to put into his equation the correct physical factors, 
and so achieved world-renowned results. The same 
conception may be applied in the first instance to 
the problem of corrosion in refineries. It is not de- 
sirable to reduce the velocity or the mass of con- 
densate passing over the metal. In fact, it is neces- 
sary to accelerate the velocity and increase the mass 
for the purpose of maximum heat transfer and 
for the purpose of maximum heat transfer with 
the available pressure drop and economical friction 
losses. The addition of chromium to iron results in 
an alloy of high heat-resisting qualities and high 
creep strength with a lower solution pressure. In 
order, therefore, to avoid the loss of energy in the 
form of corrosion, the solution pressure of the metal 
must be reduced or the character of the dissolving 
agent altered by neutralization. 


What methods have been tried to effect this re- 
duction of solution pressure? Two methods have 
been mentioned for the copper-zinc alloys. For the 
iron alloys there is the addition of silicon, the addi- 
tion of chromium, and the reduction of the carbon 
content. 


The reduction of the carbon content is advisable 
on account of its tendency to segregate. It has been 
shown by Bain, Aborn, and Rutherford® that, at 
high temperatures in the absence of stabilizers, there 
is a tendency for carbon to separate at the crystal 
boundaries—which results in a loss of strength. 
Also, some of the worst examples of corrosion in 
steel plating in a continuously-flowing electrolyte 
have been shown to be due to electrolytic cells set 
up by the segregation of carbon into areas which 
become cathodic to the lower-carbon-content areas 
of the plate. Probably less attention has been given 
to this question of segregation in steel plates than 
in the case of condenser tubes, which are more or 
less readily withdrawn and handed over for investi- 
gation: hence, the relatively large volume of work 
published upon the commercially lesser important 
question. The matter is now receiving the attention 
of the steel mills on high-tension steel plates. 

The reduction of carbon content in the chromium 
alloys has, however, not been done for the above 
reason only, but for the advantage gained in raising 
the elastic limit of the steel while at the same time 
improving its workability at the expense of higher 
ultimate strength and other reasons. High-elastic- 
limit steels have enabled constructors to reduce 
sections of metal and consequent weight and cap- 
ital cost very considerably. At the same time it has 
assisted in the suppression of corrosion by the elim- 
ination of carbon segregation, the reduction of solu- 
tion pressure directly, or by the formation of pro- 
tective films. 


PHASES OF METAL PRESENT 


In any commercial metal encountered in construc- 
tion it is rare to find just one single phase. Some 
workers have endeavored to produce metals of one 
single phase to suppress corrosion, as, for example, 
the production of the single phase & alloy of copper 
and zinc for impellers of pumps, etc. But it is un- 
usual to find a metal as a single phase; and, there- 
fore, we have to consider the problem as it presents 
itself in the average commercial metal. 

The segregation of carbon in steel, producing two 


phases which form an electrolytic cell in the pres- 


ence of the electrolyte, has been mentioned. It func- . 


tions in two ways to produce corrosion cells: 

1. By segregation of carbon, resulting in regions 
of low-carbon ferrite and higher-carbon pearlite. 

2. In the case of iron-chromium alloys, a depleted 
chromium region at the grain boundaries due to the 
formation of chromium-rich carbide. 

Perhaps the most familiar case met with in the 
refining industry, viz., cast iron, may be taken as 
the basis for our discussion—although its use is 
limited to cases where its nature makes it suitable. 

In cast iron three phases separate during the cool- 
ing of a casting, viz., graphite, cementite, and fer- 
rite. When in contact with an electrolyte, such as 
dilute hydrochloric acid or acid cooling water, there 
is an electrolytic cell formed between the graphite 
and the cementite, and between the graphite and 
the ferrite—the energy or rate at which the corro- 
sion of the soluble or anode part of the cell dissolves 
depending upon the solution pressure of the ferrite 
and cementite, and also upon the concentration of 
the acid or electrolyte and other factors. 

The solution pressure may be lowered by the 
addition of other elevents to the metal. Also, the 
formation of two phases may be suppressed. In the 
case of cast-iron pipe, this can be accomplished to 
a considerable extent by centrifugally casting the 
pipe. As cast, this is in practically a single phase 
of cementite which, on annealing to give the pipe 
strength, breaks down into a finely-divided and 
well-distributed graphite and cementite. Thus the 
area of carbon or cathode surface is reduced, with 
consequent reduction in the rate of corrosion. More 
complete examples of this kind will be given later. 


CONCENTRATION OF THE ELECTROLYTE— 
ACIDITY AND ALKALINITY 


As is well known, the concentration of the acid or 
electrolyte influences the rate of corrosion, as, for in- 
stance, the fact that when the acid in an automobile 
battery becomes through any cause weak, the battery 
will not function adequately. The chemist has devised a 
quantitative means of indicating the acidity or alkalinity 
of a solution. 

The acidity or alkalinity is stated in terms of the 
hydrogen-ion concentration. Thus, when hydrochloric 
acid is mixed with water, it is hydrolyzed into two 
“ions”: a hydrogen ion and a chlorine ion. The concen- 
tration is measured in terms of the grams of hydrogen 
ion per liter of solution. The logarithm of the reciprocal 
of this number is called the pH value and is, therefore, 
stated as: 


1 
pH = log 





hydrogen-ion concentration 


Since the molecule of water is ionized in its own solu- 
tion, the degree of hydrogen-ion concentration in a neu- 
tral water has been determined and found to have the 
value pH =7. 

In alkaline solutions the pH value ordinarily varies 
from 7 to 14. 

In gs solutions the pH value ordinarily varies from 
0 to 

Thus rapid corrosion may occur in strongly-acid or 
in strongly-alkaline solutions, examples of which in the 
refining process are corrosion of iron condenser tubes by 
hydrochloric-acid condensate and corrosion of brass con- 
denser tubes by the dilute hydrochloric acid formed in 
the distillation of the crude, by reason of chlorides in 
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water present in all crudes, and by excess of ammonia 
added as neutralizer. This accounts for the differences 
noted in the corrosion reports; some are changing con- 
densers from admiralty metal back to steel, or a patented 
steel; while others are changing back from steel to 
admiralty metal, or propose to make or are making 
“trials.” 

The need for limiting the conditions under which one 
or the other material will be successful, and the conse- 
quent difficulty of stating what metal any particular 
part of the plant shall be constructed of, before one 
knows the details of the working process used, is at once 
obvious. 


INFLUENCE OF OXYGEN AND MOISTURE 


In oxygenated salt solutions, such as chlorides, the 
corrosion is largely controlled by the rate at which 
oxygen can diffuse or is carried by a flowing electrolyte 
to the cathodic areas to depolarize the cell. The familiar 
dry Leclanche cell, broken open after use, shows the 
carbon rod at the center surrounded by black oxide of 
manganese, which oxidizes the hydrogen liberated at 
the carbon cathode. The depolarizing action is slow, 
and a flash-light battery after over-use will recover on 
allowing it to stand. This has been improved upon in 
recent times by allowing air to breathe into a porous 
carbon, resulting in a steady high-current battery for 
people in isolated areas. How does this affect the re- 
finer? In a condenser using, say river water, acid in 
character, the amount of air circulated in dissolved form 
influences the rate of corrosion. In some of the corrosion 
reports, for example, reduction of condenser corrosion 
is obtained by re-circulating condensed water in pref- 
erence to river water, but oxygen is again dissolved 
at the cooling towers or spray ponds; both the absence 
of salts and of tower-dissolved and entrained oxygen 
are important factors. In the case of impeller pumps, 
the dissolved oxygen is carried rapidly to the cathodic 
areas; hence the rapid corrosion of high-speed impel- 
lers, in which large volumes of oxygen are carried to 
the cathodic areas, causing rapid rise of the corrosion 
with increasing speed of the impeller. 

On the other hand, it has been shown that in the case 
of steel with high concentrations of oxygen present in 
the electrolyte the corrosion is independent of the 
amount of oxygen present — the “controlling factor’ 
there being the impurities or phases present in the metal. 

In atmospheric corrosion which is met with in pipe 
lines laid near the surface or supported in the atmos- 
phere around the plant, the “controlling factor” is as- 
sociated with the corrosion products. To take a familiar 
example—a current is produced when a plate of oxide 
of lead is connected through an electrolyte to a spongy 
lead plate, and similarly, the corrosion product of iron 
in the atmosphere or damp soil will form a cell with 
the remaining iron. The activity of the cell varies with 
the humidity of the atmosphere and its contents (such 
as sulfuric acid). Thus in a concrete case one refiner 
reports that his plant pipe lines lasted 5% years in the 
earth. Subsequent lines were carried above-ground. By 
so doing the corrosion cells were lessened, as the mois- 
ture-retaining character of the earth maintained a moist 
electrolyte in contact with these service lines to a much 
greater degree than given by the humidity of the atmos- 
phere; hence, an increased life resulted for these pipe 
lines. 

The principle of differential aeration also underlies 
certain types of corrosion. For example, a single-phase 
metal (one part of which is screened from access to 
oxygen) in contact through an electrolyte with another 
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part, which has free access to oxygen, forms an electro- 
lytic oxygen-concentration cell. Similarly, a corrosion 
cell may be set up by varying concentrations of the 
electrolyte at different points of the same metal, both 
cases being known as concentration cells. 


INFLUENCE OF TEMPERATURE 


The chemical action of corrosion which is being con- 
sidered may express itself in the form of heat or as 
electrical energy, and the corrosion has been broadly 
classified on this basis. 

The mathematical mind likes to express these things 
by using symbols to form a picture in the mind to facili- 
tate thought. It has been shown that, if the electrical 
energy E is expressed in volts and the heat Q in calories: 


wit: Fe 
E= ah 
nF dT 





where J is the electrical equivalent of heat = 4.182 ergs 
per gram. 
n = the number of equivalents of metal involved. 
F = Faraday = 96,500 coulombs = 26.8 ampere hours. 


dE 





Thus when is positive, the electromotive force of 
dT 

the cell rises with increase of temperature 7. When 

zero, the electrical energy is equal to the chemical 

energy. 

The familiar fact shown mathematically above is il- 
lustrated when trying to start an automobile on a cold 
morning. The lower temperature has affected not only 
the volatilization of the gasoline and increased the vis- 
cosity of the lubricant, but has also reduced the activity 
of the cell or storage battery. 

The vapor or hot entrance end of condensers is, con- 
sidering the water side only, subject to more rapid cor- 
rosion, generally speaking, than the exit end. Provided 
the electrolyte is not dried up, the corrosion increases 
with increased temperature. The higher corrosion rate 
of condensers using river water at unusually high tem- 
peratures has been mentioned in some of the corrosion 
reports sent in. On the vapor side of the condenser the 
direct corrosion is also more rapid where the hot vapors 
enter. 


INFLUENCE OF PRESSURE 


Pressure has been shown above to have great in- 
fluence on high-temperature corrosion, but for low-tem- 
perature corrosion its influence is less marked. The case 
of gas-concentration cells is the only one likely to be of 
importance where increased pressure gives a_ higher 
concentration of the solution of the corroding gas; but 
as pressures are usualy low in the low-temperature sec- 
tion of the plant, it need only be considered insofar as it 
influences the solubility of oxygen in the electrolyte. 


INFLUENCE OF EROSION 


Much confusion has arisen in connection with the 
question of corrosion by lack of understanding on the 
related question of erosion. 

Its influence may be useful in some cases and harm- 
ful in others. Where the initial corrosion sets up a pro- 
tective film which is insoluble in the corroding liquid, 
the corrosion is reduced in amount—depending upon : 


1. The electro-negative character of the corrosion 
product. 

2. The direct permeability of the corrosion product or 
its ability to oppose diffusion of oxidizing gases. 
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3. Its osmotic membrane characteristics bringing into 
action concentration cells, thus varying the con- 
centration of the electrolyte or corroding solution 
at various points on a single-phase metal. 


The action of erosion generally is to increase the cor- 
rosive action by maintaining the primary corrosion con- 
ditions, since it mechanically removes the corrosion 
product and also brings up, in consequence, greater 
quantities of depolarizing oxygen to the cathodic por- 
tion of the corrosion cell. This effect, however, is to a 
very large extent dependent also on the solubility of 
the corrosion product in the electrolyte. 


One of the most remarkable factors brought out in 
corrosion investigations has been the tenacity of the cor- 
rosion product, in dilute sea-water electrolytes, for ex- 
ample. Even when propellers have been run at cavita- 
tion speeds, the corrosion products may still adhere. In 
the refinery, however, the concentrations of the electro- 
lyte are relatively high, and the corrosion products 
rapidly dissolve and are carried away by solution as dis- 
tinct from the mechanical effect. Hence, we get erosion 
channels primarily due to variations in the metal, fre- 
quently assigned to mechanical erosion, whereas they 
are essentially corrosion effects. 


The corrosion of turbine blading may be instanced 
as a typical case. With super-heated dry steam enter- 
ing the turbines as a freely-flowing gas, free from all 
solid eroding particles, we get the blading “scored” as 
though mechanical forces were in operation. A change 
of material of the turbine blading to one of lower solu- 
tion pressure has largely eliminated this. A further 
example occurs in impellers. The loss of metal has been 
attributed to erosion; and, when reaching cavitation 
speeds, the subject has been submitted to the mathema- 
ticians for elucidation. On the assumption that a cavity 
in the region of an impeller is a vacuum, it can be shown 
that an enormous blow will be inflicted if the cavity 
collapses instantly. As most impellers run in liquids con- 
taining much dissolved gas, and also as the liquid has an 
appreciable vapor pressure, the possibility of erosion by 
the sudden collapse of vortex cavities is quite improba- 
ble. 

Since erosion depends upon mechanical action, the 
nature of the forces operating may be studied. Where 
the surface of the particle of corrosion product is large 
compared with its mass, it will tend to float. It is this 
type of erosion that the civil engineer has to contend 
with. In the refinery, however, the speed of flow tends 
to carry away the corrosion products only insofar as 
they are not dissolved in the flowing liquid. Most cor- 
rosion products, however, when deposited from solution 
are soft and have little, if any, abrasive power. 

The erosion then may be considered to be due to the 
action of drops of the liquid striking the metal as, say 
at the entrance to a condensing tower. The force with 
which the drops strike the metal may be expressed as 
F= Ma; i.e., the mass multiplied by the acceleration or, 
in this case, the deceleration, as the drops of liquid are 
being stopped by the plate. 

Acceleration or deceleration is expressed in terms of 
velocity change per unit of time, and velocity is distance 
covered in a unit of time. Therefore, the equation may 
be written F = mv.” 

The velocity of the drops of water, therefore, striking 
the plate would have enormous force if the change of 
velocity is from a high figure to zero in an infinitely 
short time. The time, however, is lengthened by the dis- 
tortion of the drops as they strike the plate and other 
factors, and hence, the magnitude of the force is actually 
very small. The force has been found experimentally 
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to be insufficient to wash away the soft corrosion par- 
ticles when the vortex cavities formed in impellers are 
allowed to collapse. If the strength of the reacting solu- 
tion is raised to the chemical solubility strength, the 
corrosion products are removed, and a fresh surface 
exposed continually to the attack of the corroding liquid. 
The corrosion then becomes a function of the mass of 
the reacting liquid passing the plate in a given time. As 
the mass or the number of drops of liquid striking or 
passing over the plate is proportional to the velocity, 
the erroneous idea has crept into the question that the 
action is mechanical erosion; whereas, as shown, it is 
primarily chemical corrosion. 


This applies to turbines, impellers, pipe lines, and 
condensers where large volumes of corrosive fluid are 
continually passing over the surface of the metals. It 
has also been found that softer metals may be substi- 
tuted with success in cases of so-called erosion, due to 
the fact that their solution pressure is lower—further 
showing that the problem is primarily chemical, and 
not mechanical. 


One of the corrosion reports gives an example illus- 
trating this question in the refinery. In this instance 
the impeller-pump return bends made of cast iron had 
an average life of two months. Machinable cast iron has 
a Brinell hardness of 180-220. The report comments: 
“we should replace with lead pipe.” This has a Brinell 
hardness much below 100, but an entirely different 
solution pressure in the corrosive agent. 


Another corrosion report gave a case of a centrifugal 
pump using a bronze impeller, handling alkaline and 
plumbite gasoline, where considerable pitting occurred 
and the impeller only lasted six months. A cast-iron 
impeller with a lower solution pressure in alkaline media 
was substituted, with the result that no further trouble 
was experienced. 


This example is illustrated in other parts of the plant, 
by other reports, where the solution pressure of bronzes 
in alkaline liquids is high and the substitution of iron 
with a lower solution pressure results in decreased loss 
by corrosion. 


The general conclusions regarding low-temperature 
corrosion may be summarized briefly : 


Low-temperature corrosion occurs in parts of the 
plant where water condenses and dissolves acids 
and salts to form an electrolyte. 

The electrolyte may attack the metal directly, or 
may set up electrolytic corrosion cells: 

The direct attack of the electrolyte on the metal 
may be reduced by using metals of low-solution 
potential. 

Electrolytic corrosion is caused by the presence 
of different metals or different phases of the same 
metal forming electrolytic cells with the electrolyte. 

Electrolytic corrosion may be reduced by using 
single-phase metals of low-solution potential. 

Controlling factors may influence the rate of elec- 
trolytic corrosion. These factors are: concentration 
of the electrolyte; solution pressure of the metal; 
presence of extreme electro-positive and electro- 
negative phases of metal; oxygen concentration in 
the electrolyte; movement of the electrolyte and 
temperature of the electrolyte. 


PROTECTIVE METHODS FOR COMBATING LOW- 
TEMPERATURE OR ELECTROLYTIC CORROSION 


The methods available for the protection of the metal 
against electrolytic corrosion may be conveniently classi- 
fied for the purpose of clarity, as follows: . 
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Methods Involving Composition of the Metal. 

a. Methods which utilize metals of low electrode po- 

tential. 

b. Methods which suppress the formation of electro- 
lytic cells by using single-phase metals when com- 
mercially possible. 

c. Methods in which electrolytic cells are deliberately 
produced (with the object of distributing the cor- 
rosion over as large an area as possible). 


Methods Involving the Formation of an Electrolytic Cell 
in the Plant by Means of 

a. A protective metal which is subject to the whole 
corrosion. 

b. The formation of an electrolytic cell in the plant by 
the application of electric current from external 
sources. 


Chemical Methods Using Added Chemical Agents as 
Neutralizers 


METHODS INVOLVING THE COMPOSITION OF 
THE METAL 
a. Methods Which Utilize Metals of Low-Electrode 


Potential 

In the high-temperature portions of the plant it was 
considered desirable to use the metal which reacted with 
the greatest difficulty with the corrosive agents; so also, 
in the low-temperature sections, the least reactive metal 
is chosen consistent with mechanical strength require- 
ments. 

The best guide in this connection is the electrode po- 
tential of the metal. This is usually measured against 
a standard or calomel electrode, which consists of mer- 
cury in a solution of calomel (mercurous chloride). The 
glass vessel in which the electrode is built is fitted with 
a side tube, so that it may dip into the electrolyte in 
another vessel containing the metal whose potential is 
to be measured. 

For comparison purposes, the hydrogen—hydrogen- 
ion electrode is used, and the figures given in Table 4 are 
for this electrode as zero. 














TABLE 4 
Electrode 
Potential 
Metal (Volts) 
i aretha, aisle Osieo4 dd ots OF +1.7 
REE EN POPES Ee ee nO 1.1 
POTS tan 1 Sa SE ee +0.758 
I rt AU angus 's ces ee seeess +0.6 
PRG ale Cg ok cals ccs bed dics sb -0bee +0.5 
a hdd iis kins. b)e 60 6:4 e'vie 045.0% +0.22 
te i i ia Sac asdng- aiid < aein wie baat +0.13 
an tee eh ee éKecuess-eves 4 +0.12 
NT ee cc heaps vetee 0.000 
SS reine dy a bic hrord ae vie 5's 0 oo 4-08 6 —0.2 
I i Rae es ee ia oie cet bccs cess —0.51 








The practical application of these electrode-potential 
values to the question of lowering the solution potential 
of metals used in the low-temperature sections of the 
refinery can be seen in one or two examples. 

Boiler plate or shell steel is a widely-used material in 
the refining industry. By the addition of copper its cor- 
rosion-resisting properties are improved, as is well 
known. Unfortunately, the solubility of copper in iron 
to form a complete solid solution is small—of the order 
of % percent when the metal is slowly cooled—although 
at 1100°C. the solubility is said to be 3 percent.® If 
larger amounts of copper are added, the excess above 
what will dissolve separates out as a second phase. 
The action of this second phase of metal will be con- 
sidered later. 
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Another example, which has been in practical use by 
locomotive engineers for many years, is the addition of 
arsenic, and many locomotive boiler-plate specifications 
call for additions of arsenic. 

Phosphorus is another element which acts in a similar 
manner; and, where strength factors make it tolerable, 
it is used in practice. When the percentage used is be- 
low the solubility factor and suitable heat treatment is 
given, phosphorus is useful in suppressing corrosion, 
Bismuth has also been used to lower the solution poten- 
tial, but its low solubility and mechanical characteristics 
generally preclude its use. Several of the corrosion re- 
ports have indicated the success of this method of pro- 
tecting from excessive corrosion by lowering the solu- 
tion potential of the metal, particularly in the use of the 
copper steels. 


b. Methods Which Suppress the Formation of Electrolytic 

Cells by Using Single-Phase Metals 

Assuming that the metal with the lowest solution po- 
tential has been chosen for any particular part of the 
plant, it is evident that the depth of penetration will 
be less if the area exposed to the electro-chemical action 
is relatively large, and also if there are no other phases 
of metal present which will form electrolytic cells with 
the main body of metal. 

Thus, in lowering the solution potential of steel by the 
method discussed under (a), it is essential that the 
added element shall not separate out to form other 
phases which would set up electrolytic cells. As an ex- 
ample: the amount of copper added to steel for the pur- 
pose of lowering its solution potential must not be great- 
er than that which will remain in solution when the steel 
is slowly cooled. If an excess is added, then it separates 
and forms cathodic areas which accelerate the cor- 
rosion of the main body of the steel. The amount of 
copper which separates is influenced by the heat treat- 
ment of the steel, and the principle of rapid cooling is 
used in the heat treatment of some alloys to prevent 
the formation of more than one phase. With soft steels, 
such as boiler plate, annealing followed by slow cooling 
is usually the final operation; and, therefore, there is 
a great tendency for the dissolved metal to separate 
when its solubility is lower in the cold state than in 
the hot state. The application of this principle in prac- 
tice is, however, shown in the suppression of segrega- 
tion by the rapid cooling of the chromium steels—thus 
preventing the separation of chromium carbides with, 
in addition, depletion of the chromium content in those 
regions near the place of carbide separation. 

Some of the most useful single-phase alloys used in 
the refining industry are the a brasses. These alloys of 
copper with zinc up to 30 percent form a single-phase 
or solid solution known as a brass. The solution pressure 
of this single-phase alloy can be lowered by the addi- 
tion of other elements as, for example, nickel and tin. 
Hence, the makers of condenser and heater exchanger 
tubes submit for use @ brass tubes in which various per- 
centages of tin or nickel are alloyed. Probably the most 
satisfactory alloys, when considered from this angle, 
are the a brasses with nickel added—-since nickel is more 
soluble in the alloy than tin. Probably in this connection 
a useful research would be to determine the maximum 
solubility of nickel and of tin in the a brasses. The 
copper-nickel alloys without zinc are the best, chemically 
and mechanically, but they are expensive. Another of 
the technically-useful single-phase alloys is the a bronze. 
In these alloys we have two low-electrode-potential 
metals forming a single phase and, hence, find that their 
corrosion resistance is higher than that of the a 
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brasses—which contain zinc, with its objectionable 
higher electrode potential. For ease in mechanical work- 
ing and to assist in maintaining the tin in solution, small 
percentages of zinc are added. The corrosion reports 
show varying degrees of success in the use of these 
single-phase alloys due to several factors, some of 
which concern the metal and some its misapplication. 


c. Methods in Which Electrolytic Cells Are Deliberately 

Produced 

The object of this method of reducing corrosion is to 
distribute the corrosion over as large an area of metal 
as possible, and so reduce the depth of penetration. 

Several examples of the application of this principle 
to the refinery plant may be usefully considered. The 
problem of riveting presents considerable trouble as re- 
corded in the corrosion reports. In some cases the cor- 
rosion of the rivets is excessive, and in others the cor- 
rosion of the plate is around the rivets. Here a definite 
corrosion cell is set up according to the nature of the 
metal in the plate and in the rivet. Since riveting re- 
quires a rapidly-working metal, the tendency has been 
to use a low-carbon steel or a soft iron. With a lower 
carbon content than the plate, the rivet becomes anodic 
to the plate and corrodes away. This is modified to 
some extent by the work-hardening of the rivet. Where 
this rivet type of corrosion has occurred, some members 
have substituted. copper-steel rivets with success. The 
tendency here is to throw the plate into the anodic con- 
dition to the rivet, and the plate corrodes. In practice, 
therefore, since the rivets are more easily replaced than 
the plates, the policy should be to work for an anodic 
rivet. If the composition of the rivets is the same as that 
of the plate, the strained metal due to riveting renders 
the rivet anodic; and, therefore, the rivets used should 
be slightly higher in carbon content than the plates, so 
that in the final condition the two will have the same 
electrolytic characteristics. In practice this is difficult 
to attain; as the amount of work put on the rivets is 
not known, nor have exact determinations been made 
upon the influence of work upon electrolytic potential. 


Cases in which electrolytic cells are deliberately 
formed in the metal during the course of manufacture 
are of wide application. There are, for example, the 
bronzes in which tin is added to copper in excess above 
that which the copper will dissolve to form a solid solu- 
tion. The excess of tin separates out as what is known 
as the 6 phase. This phase is cathodic to the remainder 
of the alloy; and, therefore, the corrosion of the alloy 
is distributed over a large area. Since also the solid a 
phase of tin in copper has a comparatively low-electrode 
potential, the electromotive force set up in the case of 
the bronzes between the two phases is small, and the 
bronzes have a high reputation for their ability to re- 
sist corrosion. 

Another example is found in the well-known ad- 
miralty metal used as exchanger and condenser tubes. 
Since the a phase of the copper-zince alloys has a fairly 
high electrode potential due to the presence of the zinc, 
tin is added for the double purpose of lowering the solu- 
tion potential of the a phase and, also, it is added in 
excess—tresulting in the formation of a second phase 
which, being cathodic to the main portion of the metal, 
results in the distribution of the corrosion over a wide 
area and, consequently, a lower depth of penetration. 

The type of corrosion exhibited when this method of 
protection is used is of considerable interest. The cor- 
rosion is spread over a large area and, hence, appears 
to be lower. This is only true, however, insofar as the 
general solution potential has been lowered by the tin 
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in solid solution. When the alloy corrodes, the zinc— 
having a high solution pressure—is dissolved, and leaves 
a network of copper of low mechanical strength. A simi- 
lar case is seen when cast iron corrodes—the soft 
graphite being left behind, while the iron has gone into 
solution. These cases have become so well known as to 
merit special names, viz., dezincification and graphitiza- 
tion, respectively. 

Lead is also frequently added to the copper-zinc alloys 
for the purpose of reducing corrosion. Its solubility in 
solid solution is not very great, and it is usually found 
at the boundaries of the a crystals. 


Generally, in commercial alloys, all the above methods 
of suppressing corrosion are simultaneously operating. 
The alloys have been developed by the process of trial 
and error without an understanding of the fundamental 
factors underlying their operation and, hence, the vary- 
ing claims as to their individual superiority. 

Probably the most important method used technically 
for the suppression of corrosion along the lines dis- 
cussed above [under (a), (b), and (c)] is the lowering 
of the solution potential by the addition of elements 
which remain in solid solution in the alloy. The reason 
for this is the fact that the solid solutions are gen- 
erally more easily worked. 


METHODS INVOLVING THE FORMATION OF AN 
ELECTROLYTIC CELL IN THE PLANT 
BY MEANS OF: 


a. A Protective Metal Which Is Subject to the Whole 

Corrosion 

This is an ideal method of controlling corrosion; but 
it is not successful to a great extent in practice, for 
reasons which are discussed later. The most important 
applications of this method have been in condensers and 
boilers. 

The method consists in attaching, to the part to be 
protected, a highly-anodic material (usually zinc plates) 
which form an anode, the condenser tubes or boiler shell 
and tubes forming the cathode—thus being protected at 
the expense of solution of the zinc anode. 

This method has been one of the most successful in 
practice where conditions are favorable. These condi- 
tions are a steadily-flowing electrolyte of weak char- 
acter, free from excess of dissolved or entrained oxygen. 

These conditions are only found in certain sections 
of the refinery plant, such as in the cooling-water side 
of condensers; and, hence, this method of protection is 
inapplicable to such parts of the plant as condensing 
towers and spray pipe condensers. 

Its faults under good conditions may be considered. 
Good electrical contact between the zince plates and the 
part to be protected is essential. Commercially-pure zinc 
plates must be used, which are free from layers of 
segregated lead. In one case examined the plates lasted 
a few weeks, instead of many months in high-pressure 
boilers. On examination it was found that the zinc 
plates consisted of alternate layers of lead and zinc, 
which formed corrosion cells and rapidly consumed the 
plates without giving protection. Another fault of this 
method is that the protective current formed takes the 
path of least resistance, which is naturally the shortest 
distance between the anode and cathode, and so gives 
only a limited area of cathode protection. Hence, in 
some of the corrosion reports this method is stated to 
be useless. 


b. The Formation of an Electrolytic Cell in the Plant by 


the Application of an External Electric Current From 
External Sources 


This method has been patented and applied on a 
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fairly large scale. It is only applicable under the con- 
ditions given for (a) above and, hence, is only of limited 
application in the refinery. 

Its faults are also those of the method (a), the chief 
being the short-circuit path which the current takes 
through the electrolyte giving only local protection. 

In boilers this method is said to prevent scaling. This 
is accomplished by using a high-current density, such 
that hydrogen is liberated on the protected cathode sur- 
faces, which liberation lifts the deposits of scale. If the 
temperatures and current densities used, however, are 
such that chlorine and chlorine oxides are generated, 
the results are disastrous. Further, the anodes used 
(usually iron bars) are converted into hydroxide of 
iron—which wili cause priming, and also pass over into 
engines and turbines, with consequent trouble. It has 
also other and more serious disadvantages in certain 
situations, and should not be used without first obtain- 
ing expert advice. 

Probably the most simple and, in suitable places, 
effective application of electrical methods of protection 
is afforded by the grounding of all parts of the plant 
to the negative pole of the generators. Thus, the ten- 
dency is brought about for all stray corrosive forces to 
flow toward the metal, the latter now being rendered 
cathodic. This method has been tried effectively on the 
small and large scale, although not generally known. 
Obviously, such a method of protection is only useful 
in cases where the corrosion energy is experienced elec- 
trically. It would be useless in protecting a fraction- 
ating tower, subject to the action of large volumes of 
hydrochloric acid. 


CHEMICAL METHODS USING ADDED CHEMICAL 
AGENTS AS NEUTRALIZERS 


This method is probably the simplest of application, 
and also the most effective method for protection against 
low-temperature corrosion in the refinery. This is con- 
firmed by the corrosion reports. 

The corrosive agents which reach the low-tempera- 
ture section of the plant during the processing of the 
oil are: 

1. Hydrochloric acid and chlorides 
2. Hydrogen sulfide 

3. Naphthenic acids 

4. Carbon dioxide 


together with quantities of sulfur and chlorides passing 
over mechanically and of corrosive products volatile in 
steam or carried over as dissociation products. 
The neutralizers which are being used successfully 

are: 

1. Gaseous ammonia 

2. Ammonium hydroxide 

3. Caustic soda 

4. Soda ash. 


1. Gaseous Ammonia and Ammonium Hydroxide 


These are probably the most desirable low-tempera- 
ture neutralizers with the majority of crudes. 

The first cost of injection equipment is low, the con- 
trol simple, and the handling hazards small. Good con- 
tact is easily obtained between the neutralizer and the 
large mass of material being handled. The products 
of neutralization, viz., salts of ammonia, are readily 
soluble in water and, hence, do not give the trouble 
which has been experienced in some cases when using 
caustic soda. 

The chief danger lies in the use of an excess of neu- 
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tralizer where the condensers are made of copper-:inc 
alloys, these being subject to corrosion by alkali. 


One refiner, however, reports that, even when inject- 
ing ammonia into the cold crude to an excess of 500 per- 
cent over the theoretical requirements for neutralization, 
there was no corrosion of admiralty metal equipment. 
Its use in this manner for the high-temperature sections 
of the plant is of doubtful benefit. It tends, however, 
to render the corrosion more uniform. 


Analysis of the corrosion reports shows that various 
degrees of neutralization are being used, the pH value 
of the distillates varying from 4.5 to 8. Table 5 sum- 
marizes the results reported. 


These results show satisfactory evidence of the value 
of ammonia as a low-temperature neutralizer. As re- 
gards direct cost, it is the most expensive of the low- 
temperature neutralizers. On the basis of neutralizing 
value, its cost is approximately the same as that of 
caustic soda. On account, however, of the unstable char- 
acter of the neutralization product—ammonium hydro- 
gen sulfide —a larger excess of ammonia is required 
than is the case with caustic soda, which tends to in- 
crease the cost of application of ammonia. 


2. Caustic Soda 


This neutralizer has certain distinct advantages and 
disadvantages when compared with ammonia. 

It forms more stable compounds with hydrochloric 
acid, hydrogen sulfide, and the naphthenic acids. The 
ammonium compounds are more readily dissociated than 
the sodium compounds. Caustic soda is, therefore, par- 
ticularly useful as a neutralizer when large volumes of 
hydrogen sulfide or large quantities of the naphthenic 
acids have to be handled. 

The corrosion reports show that it is, therefore, in 
great favor in the handling of California crudes; since, 
if present in sufficient quantity, it removes hydrogen sul- 
fide from the distillate. 

When a pH value of 8 is maintained in the con- 
densate, corrosion is stated to be practically eliminated in 
low-temperature parts of the plant. 

One member reported that continuous operation of 
the plant would be impossible without the use of caustic 
soda—since partial condensers, condensers, and coolers 
rapidly failed by corrosion. 

The quantity used by members varies from 0.004 to 
1.1 pounds per barrel treated, the latter figure being 
exceptional. The majority show figures varying be- 
tween 0.004 to 04 per barrel of condensate. 

One member reports that with 0.02 pound of caustic 
soda per barrel, and a pH value of 8, no corrosion oc- 
curred ; but hydrogen-sulfide gas was present in the gas- 
oline. When using 0.06 pound of caustic soda per barrel, 
there was no need to doctor the distillate. It was con- 
servatively estimated that caustic soda saved $250,000 
per year in addition to the corrosion saving, which could 
not be evaluated. 

The chief danger in the use of caustic soda is, as it 
affects the plant, by causing caustic embrittlement of 
the steel. Caustic embrittlement has been discussed un- 
der high-temperature corrosion, but its action under 
low-temperature conditions is not likely to present diffi- 
culties if adequate control of excess addition is exer- 
cised. Caustic soda is also stated by some members 
to be disadvantageous where the residuum is being 
worked for asphalt. 

The method of application is by means of an aqueous 
solution of 15° to 25° Baume strength. It has been 
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TABLE 5 


Low-Temperature Ammonia Neutralization 














Ammonia | pH of Value | Effect on Low- 
Refiner OIL PROCESSED (Lb. per Bbl.) | Condensate Temperature Corrosion 
2 Mai iinet Cn os eek Sodas $4 Ae gces Raia bape 0.0155 | 7+ | Slowed down considerably 
3 eR oss inaica fa cat 5 tks Veen Sue ao nesore 0.02 7+ Practically inhibited 
6 ER ee CIE oon 5k RNs ass ON cn ee Wee ER 0.009 7.5 | Reduced 95 percent 
7 PMS Scans aa eed ole ad Awe 6 680 VA ESTA Ba a 0.0028 8 Not evaluated 
8 Puma OONE CLUE CS. Ns es no OE Ae Cas 0.001—0.002 Probably less than 4.5 Reduced 25 to 50 percent 
8 ES SES OR eet ee een Nha eS URS yr? te 0.0025 Probably less than 4.5 Only slightly reduced 
9 EE Se a Ss aE ee FIRE a ey 0.01 4.5+ | Practically eliminated 
10 We UN a. ois 5 o's oo ev a's Sic Sk ods OS DEES cae 0.0025 About 7 | duced to a minimum 
14 Rn os kc a oe bd tismss's heb be Es ee Bese! Teeter ani Am, oe | Reduced 
16 CN EIN So x's. Giada hee bse bhine ae be dieeeeune 0.003 4.5 to 8 | Being controlled 
7 SSO E TOO SE PETE eT Ree 0.266 8 | Not evaluated 
16 Pocéaee Gable. 2. os ede DEE ae ee eo 0.05 4.5-8 | Being controlled 




















found essential in order to obtain adequate mixing that 
the caustic soda be sprayed into the line; in conse- 
quence of which it is necessary to filter the caustic-soda 
solution to free it from calcium carbonate and mag- 
nesium carbonate which plug the sprays. This is ac- 
complished by filtering through sand filters. 


3. Soda Ash 


This has no useful advantage over caustic soda, being 
a weaker alkali and less effective than either caustic 
soda or ammonia. In one instance it was reported to 
have given less alkali corrosion of admiralty metal tubes 
than was the case when using caustic soda. It is less 
expensive than caustic soda when based upon the equiva- 
lent neutralizing power. In handling large volumes of 
hydrogen sulfide or sulfur it is not so useful as caustic 
soda and, hence, has not been used in many refineries. 


The three neutralizers discussed have each been ap- 
plied successfully. Ammonia is the most expensive, but 
has technical advantages which offset the higher cost. 

Caustic soda is generally more effective, since it gives 
a higher hydroxyl-ion concentration; and a preference 
for either depends upon factors outside the chemical 
question of neutralization, such as handling and trans- 
portation. 


RECOMMENDATIONS FOR LINES OF 
INVESTIGATION 


The problem of the suppression of low-temperature 
and electrolytic corrosion probably covers a wider field 
than the problem of high-temperature corrosion. Recom- 
mendations for lines of investigation may be conven- 
iently considered under the following divisions: 


1. Process 
2. Modifications of Plant 
3. Composition of Metals. 


PROCESS 


Under the question of the process the use of neutral- 
izers should be considered. The use of a neutralizer 
represents a fundamental change in the process, and may 
consequently involve a modification of the plant. 

The simplest and most direct mode of attacking low- 
temperature corrosion appears to be along the lines of 
finding the best neutralizer to use, consistent with econ- 
omy. A considerable amount of successful work has 
already been done, as reported in the corrosion reports. 


NEUTRALIZERS OTHER THAN THE COMMON 
ALKALIS 


Certain neutralizers, other than those extensively re- 
ported in the corrosion reports, are capable not only of 
neutralizing the acid present in the condensates, but also 
of reacting with the metal to form a protective coating. 
Probably the most important of these is sodium hydro- 
gen phosphate. 

Mention of a trial of this neutralizer has been made 
in one report. The probable reactions taking place are: 


NasH PO.+-2HCl=2 NaCl+-HsPO, 
2 HsPO.4+3 Fe=Fes( PO.)s+3 H:z 


The latter reaction is used in a patented process for 
the formation of a protective film on the surface of steel 
to prevent rusting. The possibility of forming this 
highly-adherent iron-phosphate film on the surface of 
the steel, in presence of neutralizers, may repay study. 

If, on the other hand, the phosphoric acid passes 
through the plant after neutralization of the hydro- 
chloric acid, its corrosive effect is lower than that of 
hydrochloric acid—and it may be neutralized, after 
separation in the aqueous condensate, with caustic soda 
and the sodium hydrogen phosphate formed used over 
again. 

The hydrogen sulfide would also probably be ab- 


TABLE 6 


Low-Temperature Neutralization by Caustic Soda 




















| 
Caustic Soda PH Value of 
Refiner OIL PROCESSED | (Lb. per Bbl.) Condensate Effect on Corrosion Improvement of Distillate 
7 II i ae ng alls: chains bas i! 8 Not evaluated Not evaluated 
8 NO IN ic ick ep caees cata 0.058 HeS free Reduced considerably Gasolines use less plumbite to 
sweeten, and color stabil- 
. ity greater 
8 MeN SUR SS oe. Cia wece ws 0.1 HeS free Reduced 50-75 percent | ....... ccc cece ss cccnces 
8 Be IRIN os oto an sas acciteoale 0.005 HeS and SOz free Reduced 60-75 percent. jo eek ee Wek tne 
8 Re-running pressure distillate......... 0.027 About 4-7 Reduced 50-75 percent. 1 oc. soisivé,die nena sswese aus 
15 Catifornig, crude cc osc. fick éccee dss 0.01-0.02 About 7 Life of equipment ex- 
tended 4 to 10 years No improvement in quality 
16 California trades. 6.050... ccc: 0.02 About 7 Not evaluated Distillate improved in color, 
EN and corrosion controlled 
16 Distillation of pressure distillate....... | 0.3 About 7 Not evaluated... * 0 4h s Ree eea acne 
16 | ae SE epee ee 0.004—0.01 About 8 Not evaluated Some improvement in color 
16 CIE 6 6 ta 8 hos BS ds ghana rhea 0.09-0.15 About 8 NOt CVMINNOG oe eaeeeee be aay a ae 
17 CRI MEIN 6 8s ois weis'ee.ck Godlead 0.04—0.06 HeS free; about 8 Practically inhibited All sour and corrosive sulfur 
Roast Sete removed and color improved 
7 California naphtha. ................. 0.04 About 8 Practically inhibited No change 
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sorbed, judging from a cursory examination of the heat 
balance in dilute solution, according to the equation: 


Na:sHPO,+ HS = NaHS +- NaH:PO, 


a study of sodium hydrogen phosphate as a neutralizer 
would, therefore, appear to be a worthwhile investi- 
gation. 


MODIFICATIONS OF PLANT 


a. The possibility of separating the hydrochloric acid 
and hydrogen sulfide before condensation of the petro- 
leum vapor also offers problems for investigations of 
plant modification in relation to suppression of corrosion. 

Where the corrosion problem is unusually acute, an 
investigation into the use of neutral or acid brick-lined 
jet condensers — carrying the alkali for neutralization 
through sprays, with subsequent separation of the 
aqueous portion and re-heating the petroleum fraction 
for rectification — would be worth consideration. It 
would, of course, necessitate closed-circuit working. 

The subject has been partly attacked by experimental 
work on non-metallic linings for the upper parts of 
fractionating towers, but in most chemical processes 
the economical method is to conduct each operation in 
an especially-designed section of the plant. 

b. Modifications of the refinery have been made with 
respect to metals as, for example, the substitution of 
steel for admiralty metal in condensers when ammonia 
has been used as a neutralizer. It is evident, from the 
corrosion reports, that there is no definite opinion as to 
the necessity or otherwise for these minor changes. 
Investigations would, therefore, be desirable in order 
to advise refiners as to the limits of excess of alkali 
permissible in contact with the various copper alloys 
in use. This would take the form of a pH-value relation 
to depth of penetration for each alloy. 

c. The application of protective films to the metal 
for purposes of protection against low-temperature cor- 
rosion is worthy of investigation. 

The major difficulty has been in obtaining permanent 
contact with the metal. The adhesion of oil paints to 
surfaces has made them of wide application in atmos- 
pheric corrosion, but these films are useless in the case 
of interiors of plants. Under the subject of high-tem- 
perature corrosion, the applications of plated metals 
were discussed. The possibility of applying plating to 
the interior surfaces of low-temperature equipment 
should not be overlooked. For a long time past tin- 
coated condenser tubes have been available commer- 
cially, and other coatings or platings are possible. Tin 
coatings, however, have not been successful with high 
percentages of hydrochloric acid. The chief difficulty 
lies in the adhesion of the enamel to the steel under 
conditions of fabrication and use. It should, however, 
be possible to find an enamel with a suitable coefficient 
of expansion capable of surfacing the interior of the 
plant, and with satisfactory adhesion and good mechani- 
cal properties—given time and facilities for the investi- 
gation which are essential to the solution of any prob- 
lem. Studies have been made elsewhere on the appli- 
cation of enamels, im situ, to pipe lines for the purpose 
of suppressing corrosion; and these have had a moder- 
ate degree of success, in view of the limited time de- 
voted to the problem. Such enamels would have a wide 
field of application in the whole petroleum industry, as 
well as in the refinery. 

The general tendency noted from the corrosion re- 
ports is to regard the solution of the low-temperature 
corrosion problem as mainly a question of the correct 
composition of the metal. This is only true after all 
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other methods of attack have failed, since the return of 
the metal to its natural state of combination with other 
elements is the vital factor that the refiner is combating, 


The search for a metal which will meet the require- 
ments of great resistance to low-temperature corrosion 
covers a wide field, and there are several angles from 
which it may be attacked. Low-temperature corrosion 
has been shown to be both mass chemical action and 
electrolytic corrosion. Both would be met by the ideal 
metal, insoluble in acids and alkalies, with no solution 
potential, and existing in one phase. The only metal 
approaching this ideal is platinum, which is prohibitive 
economically. 

If copper alloys are considered essential to the in- 
dustry, they should be concentrated on from the metal- 
lurgical angle in regard to the production of low-solu- 
tion-pressure solid solutions of workable character. 


Consideration of the chemical characteristics would 
indicate that the copper-nickel, copper-cobalt, cobalt- 
titanium solid solutions, and combinations of these 
would be worthy of study. 


Caution is essential in making tests of metals in the 
plant. For example, the insertion of a length of special 
alloy pipe in a line of other metals is not a reliable way 
of testing a new metal for its corrosion qualities, as an 
electrolytic cell is set up frequently between the new 
metal and the old. 


Probably steel is the best metal to use in a refinery 
where neutralization is practiced, and much investiga- 
tion work on solid solutions of alloying elements in steel 
remains to be done. A close study of the figures given 
in the earlier parts of this publication will indicate the 
lines of attack. 

High-percentage, expensive alloys are not always 
essential. For instance, in parts subject to alternating 
stress and abrasion, where 14-percent manganese steel 
was in use with daily failures, a substitution of a plain- 
carbon steel with suitable heat treatment resulted in an 
enormous saving to the producer and an entire elimina- 
tion of fractured parts. 

The essentials to progress of any investigation are 
not only an exact knowledge of the particular subject, 
but also an adequate knowledge of the correlated sub- 
jects. For example, a metallurgist may know the ad- 
vantages of nickel in steel as regards its toughening 
qualities, but how many of them know its limitations 
in the machine shop when running on mass production 
of gears? Indications of its limitations in the refinery 
have been indicated in the discussion of high-tempera- 
ture corrosion. 


The need for an open mind is essential for the solu- 
tion of all these problems. No doubt, the men of sail 
smiled when Fulton’s steam kettle, in a boat, chugged 
past them on the Hudson a short one hundred years 
ago; but even he himself may not have visualized the 
“Queen Mary” crossing the Atlantic Ocean in a short 
four days. 


The cost of corrosion in various industries has reached 
a very high figure, and in the refineries in the United 
States is estimated at $125,000,000 annually (W. L. Nel- 
son, Petroleum Refining Engineering). Compared with 
mechanical or abrasive wear and tear, it is probably a 
much higher factor in the depreciation of all forms of 
plant. Considerable experience has been gained in com- 
bating it, and in the majority of cases the most eco- 
nomical and efficient method has been by the use of 
neutralizers. 

All too frequently decisions are based upon capital 
cost alone, and comparisons of technical-economic ef- 
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ficiency of various improvements becomes difficult where 
the particular improvement is made to carry a high 
general overhead charge. For instance, the accountant, 
in considering the cost of material and labor for an 
improvement in a protective material for steel, rarely 
has available the high depreciation figure for the par- 
ticular part of the plant subject to the improvement 
and increased life. The costs of an improved material 
for protecting steel— absolutely suppressing chloride 
corrosion—were less, in one case, than one half the cost 
of the old corrosive materials. The labor charge for 
application was a constant for both cases; but, the 
overhead of that particular plant being calculated 250 
percent of the labor costs, the cost of production of the 
new protective material showed 1 cent less per square 
yard covered. Had the depreciation rates been added to 
the cost charges in each case, no doubt the economy 
would have shown a handsome return. 


Frequent mention is made in the corrosion reports of 
the neglect to adopt, for example, a new metal for a 
valve on account of high capital cost of the new valve. 
This is not the most desirable viewpoint, since labor 
charges and general overhead would indicate that the 
only question to consider in such cases is the technical 
efficiency of the metal. The increase in the general 
overhead charges, to which the increased cost for special 
metals in a few valves is added, is almost negligible. 

Where the corrosion is due to atmospheric or weak- 
acid attack (such as in the building, engineering, chemi- 
cal, and refining industries) neutralization has proved 
itself to be the most economical method, in that it rarely 
involves high capital cost of application, is easily con- 
trolled, and demands comparatively low maintenance 
charges. 


Where applicable to building structures, protection 
by means of alkaline concrete, such as in foundations, 
is most effective. Concrete has also been found effective 
in certain vessel interiors, discussed earlier herein. 


Cement, which is the basis of concrete, is readily 
available in all parts of the country. It is easily handled, 
and its cost is comparatively low. Considerable work has 
been done in regard to making it available for thin sur- 
facings; but the problem of adhesion of thin cement 
films has not yet been solved, although some success in 
this direction has been reported. 


Economically, it is one of the cheapest protective 

agents available. 
_ For structures where the mass application of concrete 
is not possible, it is necessary to fall back upon asphalt 
compositions. These are very efficient and economical 
if correctly manufactured. They have the essentials of 
a good protective agent, viz., efficient contact with the 
metal and imperviousness to the passage of moisture. 
Their disadvantage is in lack of abrasive resistance and 
the large number of inadequately-manufactured asphalt 
compositions upon the market. This latter factor has 
given them a bad reputation in some quarters, but of 
their essential efficiency and economy there can be no 
doubt. 

The question of water for use in the refinery is de- 
serving of consideration. The case most frequently oc- 
curring is that of acid waters. In this case the use of 
alkali for neutralization is the most economical method 
of treatment, if possible combined with atmospheric 
cooling and re-circulation. Followed by de-aeration and 
the addition of a small percentage of sodium chromate, 
continuous re-circulation is possible where the available 
water supply is limited. 

Machinery (revolving and reciprocating parts han- 
dling corrosive liquids) requires consideration according 
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to the nature of the corrosive liquid being handled. 
Where it is not economically possible to neutralize the 
corrosive liquid, or the nature of the process renders 
such method of attack impossible, it is necessary to fall 
back upon a metal capable of economically resisting 
the corrosive attack. 

Each part of the machinery requires separate con- 
sideration. Piston rods and pump rods may be made, 
according to conditions, of either case-hardened steel or 
of forged manganese bronze. Castings may be made in 
high-silicon-alloy cast iron or high-chromium alloy steel. 
The surfaces of valves in frequent use are generaily 
more economically made in high-chromium alloys, hav- 
ing regard to their economic length of life. 

The chemical section of the refinery presents a va- 
riety of corrosion problems due to the extremely cor- 
rosive nature of the material handled, the chief of which 
are the oxygen-sulfur compounds. 

A large variety of materials from fused silica to cast 
iron are available—and used according to concentrations 
of the acid and other circumstances—so that the best 
material to use economically depends upon the particular 
case. The corrosion reports deal with a large variety 
of cases. No hard and fast rules for general application 
can be laid down. 

The distillation section of the refinery has been dis- 
cussed fully from the technical point of view. Eco- 
nomically, the burden of the corrosion problem must be 
carried in the price of the products to the consumer. 
The particular crude to be processed may not be able 
to carry the cost of efficient technical plant for its 
processing, and such crudes may have to await market- 
ing until such a time as prices of the finished products 
warrant their processing. 

The corrosion reports indicate, in many cases, the 
economic feasibility of using special alloy equipment, 
due—other things being equal—to the increased length 
of running periods these alloys allow. There is also 
adequate evidence that the majority of crudes do not 
require expensive alloys in the distilling sections, but 
that further attention to improvements and applica- 
tion of acid-brick linings to condensing sections would 
be of economic advantage to the refiner. General im- 
provements of this kind usually entail minor problems, 
but these latter should not suppress the. desire for 
main-line progress. 

The economic question of the distribution of the re- 
search burden between the steel producer and refiner is 
also a matter for consideration. For example, in one 
case, the substitution of a cobalt steel for a plain car- 
bon steel resulted in a change in length of useful life 
from one month to more than 10 years. The price dif- 
ference between the two steels cannot carry the resulting 
loss in tonnage to the steel manufacturer. There is no 
“yes” and “no” to the multitude of economic problems 
in the refinery. Each may be economically bridged ; but, 
to use an analogy, whether the bridge be plain-suspen- 
sion, cantilever-suspension, continuous-girder, or flex- 
ible-girder will always depend upon a variety of circum- 
stances, and must be settled for each individual case. 
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Motor Fuel from 


Catalytic Treatment of 


Waa the automobile and airplane industries 
cing motors with higher compression ratios and 
greater speeds than ever before, the oil industry has 
produced the gasoline making it possible for these 
motors to function. The octane rating or fuel effi- 
ciency of gasoline has been in advance of engine de- 
sign. The cracking process has contributed to the 
rising o¢tanes not alone in the production of high 
anti-knock gasoline but also in furnishing cracked 
gases which can be catalytically converted into as 
high as 100-octane motor fuels. 

Since 1925 the top speed of automobiles has in- 
creased from 60 to over 100 miles per hour, while 
cruising speed of airplanes has developed from 80 to 
260 miles per hour, as shown by the 9-hour and 27- 
minute record-breaking California to New York 
flight made early this year, using 100-octane gas- 
oline. 

The catalytic polymerization process of the Uni- 
versal Oil Products Company’ is commercially oper- 
ating. There are operating and under design or con- 
struction, units to produce about 430,000 gallons of 
polymer gasoline per day, or at a yearly rate of 157,- 
000,000 gallons of 80-to 100-octane gasoline. 

The new polymer gasolines have greater chemical 
uniformity than regular gasoline, since one is largely 
composed of olefin hydrocarbons and the other is 





1Tpatieff, Corson and Egloff: Ind. Eng. Chem., 27, 1077 (1935); 
Ipatieff and Egloff, Paper presented before the American Petroleum In- 
stitute Meeting, Tulsa, Okla., May, 1935; Nat. Pet. News, 27, No. 20, 
24g, May 15, 1935; Oil and Gas J., 33, No. 52, 31, May 16, 1935. 





ot REACTIVATION GAS MAN FOL92 — 


Cracked Gases 


GUSTAV EGLOFF 


Universal Oil Products Company 
Research Laboratories 
Chicago, Illinois 


made up of isoparaffin compounds, while regular 
gasoline is made up of paraffins, olefins, naphthenes, 
and aromatics in widely varying percentages. The 
oil industry is now in a position to furnish motor 
fuel with but few hydrocarbons present or even 
single hydrocarbons such as iso-octane, thus making 
it possible to control the combustion conditions in 
automotive cylinders to a greater nicety, with great- 
er efficiency in power output and fuel economy. 

It is well known that the structure of hydrocar- 
bons profoundly affects the speed of combustion and 
knocking tendencies. This is clearly brought out in 
Table 1 which shows the octane ratings of individual 
hydrocarbons of the paraffin, olefin, cycloparaffin and 
aromatic series. The effect of hydrocarbon structure on 
octane rating is clearly shown by the three pentanes 
which have been studied. Normal pentane has an 
octane rating of 64, the 2,2-dimethylpropane an oc- 
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FIGURE 1 


Simplified flow chart of a catalytic polymerization unit. 
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tane rating of 83 and the 2-methylbutane has a value 
of 90. The structural formulae of the three pentanes 
and corresponding O. N. ratings are shown as fol- 
lows: 
Octane Number 
H HHH H 


p24 LJ 
H—C—C—C—C—CH 64 


Normal Pentane . 
ow HH 
H 
H HCH H 
2,2-Dimethylpropane HC—C—CH R3 
H HCH H 
H 
H HH H 
2-Methylbutane oe oe ae 90 
H HCHH tt 
TABLE 1 


Octane Ratings of Hydrocarbons 
(C.F.R. Motor Method) 





























PARAFFINS 

| Hydrocarbon | Octane 

| Symbol Number 
So age tok cia ne ae tedeacs | Clie | 125 Est. 
NS a -a.@-6snin' a dew kskidiin dk AeA wk wore CeoHe 125 Est. 
BR ak sok tac het oo a a eee ce C3He | 125 Est. 
ah a hina cael kotor a oo coal a) Rae na ea | C4Hio 91 
I sis < wg wiyin gia hk Gis piace oe See C4Hi0 99 
REESE ee pce Teather ts panier nts nt CsHie2 64 
ee a Core CsHi2 83 
2-Methylbutane-isopentane................. CsHi2 90 
NR cai ages atin Far Rd ap,6 424i Wig ask Bae CeHi4 59 
SP ORIDONBTE 6. ik 5k eked scecodlads as CeHi4 | 95 
Bl ene alka dats ch CATR A REM ED C7Hi6 0 
SAR CORTE pier et dekh Mila wy Pena tet: CsHis — 0 
Iso-octane-2, 2, 4-trimethylpentane.......... CsHis 100 
is edacccs cis bv vwiowie Mone aated Joi CoH20 — 28 
NE oan 6, orscs Kd cksun whe cbere dik Bis cde CioHi2 93 
Re ite Seite Re Gy secre Pg) Ci2He6 | 100 

OLEFINS 

i 
Bo 5,5. shea nip penises anes Aman ONS eI C4Hs | 80 
OBOE IE RR SOAS EA etree C4Hs 83 
IE 2's, 9:16: cinkuia's senna. Watitio ns FERRER ew | C4Hs 87 
Di-isobutene (polymer product)............. CsHi6 84 
Tri-isobutene (polymer product)............. Ci2He4 7 
Di-isoamylene (polymer product).......... ‘ CioH20 75 

| 
CYCLOPARAFFINS 
Methylcyclopentane................sece0e- CeHi2 82 
NN ore eicd os kid isd elgtapteamionne CeHie2 77 
AROMATICS 

IE retirees pee pain PS, CeHe 97 
ES EE Rit BS views aad So C7Hs 100+ 








CATALYTIC POLYMERIZATION 


The U. O. P. catalytic polymerization unit consists 
of a heater, catalyst chamber, condenser, receiver, sta- 
bilizer and equipment for reactivating the catalyst in 
situ. Due to the low temperature (450°F.) and pressure 
(200 pounds) used, the installation cost is relatively 
low and a number of plants have been built or are de- 
signed based upon using old equipment around the re- 
finery such as pressure vessels, etc. 


_ The flow chart (Figures 1 and 2) and photographs 
illustrate commercial catalytic polymerization units. 


— 


si: d. Eng. Chem., Anal. Ed., 5, 119 (1933). 
Modified by Universe] Oi! Products Co. 
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The olefin-containing gases are heated to a tempera- 
ture of about 450°F. and under pressures of the order 
of 200 pounds, in a furnace from which they flow over 
the “solid phosphoric acid catalyst” through the cat- 
alyst chambers. The flow through the chambers is in 
series. A combination of the olefins present in the gases 
takes place. The time, temperature and pressure are 
so controlled that the products of the catalytic reaction 
boil within the gasoline range. A small quantity of steam 
is continuously added to the gases passing through the 
process which serves to prevent dehydration of the 
catalyst under the operating conditions. The heat liber- 
ated by the polymerization reaction increases the tem- 
perature in the catalyst chamber to about 550°F. 


The products of the reaction are passed through a 
condensing coil and the polymer gasoline is drawn from 
the bottom of the receiver while the lean de-olefinized 
gas flows from the top of the receiver to mix with re- 
finery fuel gas. The polymer gasoline is pumped to a 
stabilizer which is so controlled as to produce the va- 
por pressure product desired. The so-called rich gas 
from the top of the stabilizer may be further processed 
by either cracking or dehydrogenation to produce high 
olefinic gases for re-processing in the catalytic polymer- 
ization process. 

After continued operation, the catalyst gradually loses 
its activity which is caused primarily by a deposit of 
carbonaceous material. To reactivate the catalyst to its 
original state, the carbonaceous material is removed by 
oxidation to water and carbon dioxide. The tempera- 
ture of the oxidation is controlled by passing a stream 
of combustion gases containing limited percentages of 
oxygen over the catalyst; the maximum temperature 
generated in the catalyst bed does not exceed 950°F. 
The combustion gases entering the catalyst bed are held 
at a temperature of about 600°F. which is the approxi- 
mate ignition temperature for the carbonaceous ma- 
terial and oxygen. It is desirable to limit the amount 
of water vapor in the combustion gases to about 3 
percent by volume. 


After the oxidation or burning of the carbonaceous 
material has been completed, it is necessary to hydrate 
the catalyst to the proper degree so as to produce the 
highest activity. This is accomplished by maintaining 
the catalyst in an atmosphere of steam for 10 to 16 
hours at approximately 500°F. 


GAS ANALYSES 


To analyze gases from the cracking process is a rel- 
atively complex operation when it is desired to obtain 
reasonably close results on the individual components 
present. A quick determination of the total percentage 
of propene, isobutene, 1-butene and 2-butene present 
in cracked gases may be made by first passing the gas 
through a potassium hydroxide gas pipette to remove 
hydrogen sulfide and carbon dioxide and then through 
an 87 percent sulfuric acid pipette. The absorption in 
the latter pipette gives the yield in percent of the 4 ole- 
fins. When the isobutene percentage is desired the steps 
are potassium hydroxide solution as before followed 
first by absorption in a 64 percent solution of sulfuric 
acid which polymerizes the isobutene, after which an 
87 percent sulfuric acid solution may be used for the 
determination of the mixture of propene, 1-butene and 
2-butene. 

Before the design of a catalytic polymerization unit 
is made, analysis for each component present in the 
cracked gas is made by a combination of low temper- 
ature Podbielniak? and Gockel apparatus.’ 

The hydrocarbon gases to be processed catalytically 
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may vary widely in propene and butene percentages. 


Typical analyses are shown in Table 2. 











TABLE 2 
Deeply 

| Stabilized Receiver 
Stabilizer Gas, | Gas, Gas, 

Percent Percent Percent 
Noncondensibles. . . . . Ss). 26 |} “46 | a4 | 26.5 
Ethylene dist ae | 16.0 | 26 06 | 6.0 
So u's. vigvilacs 13.4 17.8 | 104 | 4.4 17.3 
Sie a re as 15.3 | 29.0 | 140 | 9.3 11.2 
SSE 39.4 | 222 | 34.4 21.8 26.8 
Isobutene........... st ae) “as | 95 | 1.2 
m-Butenes...........| 5.9 | -—) 2 i ne 2'8 
di crs sa eos & 12.9 | 2.0 | 18.2 36.4 | 5.6 
Pentanes and higher.. 0.9 0.2 1.6 met] | 0.2 
Propene and Butenes.| 25.0 | 37.8 | 24.3 | 36.4 | 15.2 

| 











Hydrocarbon gases containing olefins such as pro- 
pene and butenes are derived from the cracking process, 
the cracking of propane and butane, or their catalytic 
dehydrogenation into the corresponding propene and 
butenes. 


YIELDS OF POLYMER GASOLINE 

The possible yield of polymer gasoline per 1000 cubic 
feet of olefin-containing gas is a function of the per- 
centage of propene and butene and their ratio. The 
higher the percentage present, the greater the yield of 
polymer gasoline. Also the yield of polymer gasoline 
is larger if more butene than propene is present in the 
gas. 

A number of commercial cracked gases were an- 
alyzed for their propene-butenes percentage. The yields 
of polymer gasoline of 10 pounds Reid vapor pressure 


derivable per 1000 cubic feet of gas are shown in 
Table 3. 
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FIGURE 2 


Flow chart of the catalytic polymerization unit including the catalyst regenerating procedure. 


TABLE 3 








| 
| 


Propene and Butenes 
Percent in Cracked Gas 


Polymer Gasoline, Gallons 
per 1,000 Cubic Feet Cracked Gas 





14.1 2.4 
17.8 3.0 
18.0 3.1 
18.9 3.7 
21.3 4.2 
24.1 4.9 
27.1 5.3 
27.5 5.8 
33.3 7.0 
34.3 7.3 
41.0 9.2 








CATALYTIC POLYMERIZATION UNITS 


A number of Universal Oil Products catalytic poly- 
merization units are in commercial operation, under de- 
sign or course of construction or projected, which range 
in daily capacity from 600,000 to 27,000,000 cubic feet 
of cracked gas, with a propene-butene content of from 
14 to 41 percent. 

The data covering these units is shown in Table 4, 
relating to cubic feet of cracked gas per day, the per- 
centage of propene and butenes present, the gallons of 
polymer gasoline per 1000 cubic feet of gas, and the 
total polymer gasoline per unit per day. 


PROPERTIES OF POLYMER GASOLINE 


Polymer gasoline has but relatively few hydrocar- 
bons present, which are made up predominantly of ole- 
fins. An interesting study of this gasoline was made by 
Tongberg, Nickels, Laborski and Fenske of Penn State 
College who reported before the Petroleum Section otf 
the American Chemical Society meeting at Pittsburgh, 
September 7, 1936, that “the distillations were run in 








Pol 
Cr 
Mil 


mi 
cha 
refi 
cor 
che 

‘ 






































TABLE 4 TABLE 7 
Catalytic Percent Polymer No. of Carbon Atoms Polymer Gasoline Volume, Percent 
Polymer Unit Propene- Polymer Gasoline . 
Cracked Gas Butenes Gasoline 10-Lb. Reid 3-4 0.0 
Million Cu. Ft. in the Gallons per Va: Pressure, 5 1.7 
per Day Cracked Gas 1,000 Cu. Ft. | Gallons per Day : at 
0.6 27.1 5.3 3,180 8 15.2 
0.7 33.5 7.1 : 9 0.0 
1.1 By ge 3.0 3,300 10 0.0 
1.8 14.1 2.4 4,230 1 0.0 
2.0 24.1 4.9 9,500 11 and higher 12.3* 
Loss 17.1¢ 
3.1 18.0 3.1 9,800 
4.2 41.0 9.2 39,000 
5.0 17.9 | 3.0 | 15,000 *Actually this volume contains some hydrocarbons of smaller number of car- 
6.0 27.5 5.8 34,800 bon atoms that drained back into the still. 
6.7 34.6 7.3 49,200 tA sudden leak developed near the still when the distillate temperature 
reached 125.5° C. This accounts for the major part of the loss. 
is } 21.0 4.2 33,000 
i 18.9 : 32. - . - : ‘ 
12:5 | 34.0 > | or300 Polymer gasoline is particularly outstanding in its 
o3 bn = | 2 octane rating and blending value. The product coming 
onan eae — from the catalytic polymerizing unit boils within the 
O, ele 








a 0.95-inch i.d., 39-foot tall column having approxi- 
mately 100 theoretical plates under total reflux with a 
mixture of n-heptane and methylcyclohexane. The 
charge in each distillation was 10 liters and the average 
reflux ratio was 40 to 1. Each fraction of distillate 
corresponded to 0.6 to 1.5 percent by volume of the 
charge.” 

“Two very narrow boiling fractions were obtained 
in the fractionation of polymer gasoline as follows in 


Table 5: 














TABLE 5 
| Refractive Bromine A.P.I. 
Volume Percent Boiling | Index No. Gravity 
of Charge Range Range Range Range 
9.3 | 94.8—95.6 | 1.4109—1.4112| 177—182 65.7—66.6 
6.9 97.0—97.8 1.4140—1.4152 188—195 64.1—64.5 











Included in the second fraction were 3 small frac- 
tions comprising 3.1 percent of the charge, having a 
boiling point of 97.7-97.8, a constant refractive index 
of 1.4140, a constant bromine number of 192 and vary- 
ing in A.P.I. gravity by 0.3. No pure hydrocarbon for 
which information is available has properties approach- 
ing the above. 

Hydrocarbons‘ boiling similarly to the 94.8-95.6°C. 
fraction are shown in Table 6: 











TABLE 6 
mans | ee 
| B. P.°C. | a, | ny 
OE CE TLRs ey eh | 94.9 | 0.6993 1.3999 


94.9 0.7172 1.4120 


oe , SIRS aie ae tone Say | 95.9 0.7043 1.4090 








“Three facts in the polymer gasoline fractionation are 
outstanding, first that 48.1 percent of the original gas- 
oline could be classified as having 7 carbon atoms, sec- 
ond that bromine numbers were too high for mono- 
olefins, and third that the refractive index curve gave 
no pronounced peaks and valleys. This last fact indi- 
cates that the same type structure predominates and 
that the aromatic, cyclic olefin, and diolefin content is 
low. The high bromine numbers are probably due to 
Substitution and not to diolefins. In view of the results, 
the presence of branched, reactive olefins would be ex- 
pected.” 

lhe percentage distribution of the number of carbon 
atoms in the hydrocarbon molecules of the fractions in 
the polymer gasoline are shown in Table 7: 


Soday and Boord: J. Am. Chem. Soc., 55, 3293 (1933). 
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gasoline range. Depending upon the hydrogen sulphide 
present in the cracked gas, the percentage of sulphur 
in the polymer product may be low or high. The hydro- 
gen sulphide may be removed from the cracked gas by 
one of a number of commercial processes. Hydrogen 
sulphide reacts with the olefins present in the cracked 
gas producing mercaptans, which can be almost entirely 
removed by strong caustic soda. , 

A stabilized cracked gas containing 0.8 percent hy- 
drogen sulphide yielded a polymer gasoline containing 
0.63 percent sulphur whereas after scrubbing the gas 
with caustic soda the polymer gasoline contained 0.02 
percent sulphur. The data of the polymer products are 
shown in Table 8. 




















TABLE 8 
Polymer Gasoline (as produced) 
Hydrogen 
Unscrubbed Sulphide 
Gas 
Pe Ee ee re cha 69.5 66.5 67.2 
Gum (Atlantic Refining Co. Method, Copper 
ET TES eee ec ery re 23 36 51 
Sulphur, Total, Percent: o.. 20.2560 2 2 vine dine 0.63 0.31 0.02 
Mercaptan Sulphur, Percent...............-. ae > owe 0.00 
Octane Number (C.F.R. Method)............ 82 79 82 
Oxidation Bomb Induction Period, Min....... Sah Ee HSA 45 
Reid Vagor PRONG co <0 ia is: basa. 0549555 Fe p> > Rae tps 10.6 
100 C.C. A.S.T.M. DISTILLATION 
Initial B.P. ° F. 89 94 
Percent distilled over: 
BOS os, 5 ods 0M E A ORE ee eames 140 158 
ik kb ae ade-ios tee oe teed 169 186 
Ms; 5: vip «dn cla Cae» tS Rig ee See 192 199 
WG Sy so os baeteis «0 dn os oe Oe 204 207 
WD a 0 80 -o se ake’ ie: eckcee usa a acs 214 215 
| PR SCRE RE Ge Pa oe 227 224 
FAP eo Sis ote le, 9 Ge sl eee ee aaa wee 245 241 
STE te Te BRD Be eS BIE Oo 289 277 
Mai assic 05-019 Weep GAS ae 0 atone Daas Sees 355 
WTO: oo. oi ho ak 00. cane eae 415 415 














The blending valve of polymer gasoline varies as a 
function of the gasoline to which it is added. When 
starting with a 44-octane gasoline, the rating of octane 
is raised to 59 using a 20 percent polymer gasoline con- 
centration, whereas when the starting gasoline was of 
70-octane rating, it was raised to 74 when using the 
same concentration as shown in Table 9. 


TABLE 9 








| OCTANE RATINGS OF BLENDS 


Percent 81-Octane 44-Octane 70-Octane 
Polymer Gasoline Added | Straight-Run Gasoline | Regular Gasoline 








5 48 72 
10 52 73 
15 56 74 
20 59 74 





The production of 95-100-octane fuel can be brought 
about through the catalytic polymerization of the isobu- 
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tene present in cracked gases. A mixture of 2,2,4-tri- 
methylpentene-3 and 2,2,4-trimethylpentene-4 is tech- 
nically known as “di-isobutene.” 
CH; H 
| 
PHC = = CH. BS eS CC = CH, 
| 
CH; CH; H CH; 
Isobutene 2,2,4-Trimethylpentene-4 


CHs 
| 
Sac —C=CH, HO—C—C=Cc— cH. 
| | 
CHs as. A. CH 


( 
Isobutene 2,2,4-Trimethylpentene-3 


The octane rating of “di-isobutene” by the C.F.R. Motor 
Method is 84, but on a blending value basis in Reference 
Fuel A-3 of octane rating 44, the octane rating ranges 
from 153 to 95 in concentrations from 5 to 75 percent. 
Upon mild hydrogenation the two trimethylpentenes 
comprising di-isobutene form the same iso-octane, 2,2,4- 
trimethylpentane, 
CH, H H 
; 


H;C — C — C _— C = CH, 


CH; H CH; 
2,2,4-Trimethylpentane 


of 95-100 octane number. The properties of the fuel 
are 71 A.P.I. gravity and a boiling range of 206-244°F. 
The maximum concentrations of the butenes in cracked 


5 Neptune, Trimble and Alden, Oil and Gas J., p. 26, April 23, 1936. 
aviation gasolines. It has the effect of greatly augment- 
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gases are those derived from the liquid condensate in 
the stabilizer composed of butanes and butenes. Thie 
percentage composition varies widely, dependent upon 
the stock which is cracked, as shown in Table 10. 


The iso-octane produced from the hydrogenation of 
di-isobutene is readily blended with isopentane’. It is 
stated that “Isopentane can be added in considerable 
proportions in the manufacture of high octane number 
ing the supply of such gasolines relative to the supply 
of iso-octane. Isopentane imparts desirable volatility to 
the iso-octane blends. From the antiknock viewpoint, 
isopentane has a value ranging from 92 to 100 percent 
of that of iso-octane in making 100-octane number avia- 
tion gasoline.” 

Over a billion gallons of 95-100 octane motor fuel 
can be produced yearly in the United States from the 
present hydrocarbon gases available, and this volume 
can be increased markedly whenever the economic de- 
mand is present. 

Another eight billion gallons of polymer gasoline are 
potentially available from gases dissolved in crude oil, 
from cracked gases, and the propane-butanes supply of 
natural gas. 


TABLE 10 


Butenes and Butanes from Stabilizers 
Percent by Volume 
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Catalytic polymerization unit with 
capacity of 8,000,000 cubic feet 
of gas daily. 
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HE storage and transportation of volatile and ex- 

plosive oils is a “process” which must be in opera- 
tion 24 hours of each day. A “process” is a means of 
effecting a result comprising the control of physical or 
chemical laws. Until recent years in the minds of most 
oil men the problem of oil storage has been a mechanical 
job to get done. 

When petroleum executives and engineers come to a 
full realization that it is a “process” and that the ma- 
chinery for effecting results requires constant super- 
vision, then in a few years the fire and explosion haz- 
ard and the evaporation loss will be brought close to an 
economic minimum. 

The distillation and cracking of oils into gasoline and 
other products are processes. Many other operations in 
the refinery are processes. 

The factors normally placed under control by these 
processes are: a. the force of gravity; b. temperature; c. 
pressure ; d. chemical changes; e. volumetric expansion ; 
f. friction. 

During the development of refining processes, these 
factors were recognized and studied and placed under 
greater and greater control about in the order in which 
they are enumerated. The results of such development 
have been a tremendous improvement in the products 
and the cost of production. 


In handling and storing oil we have all of the above 
eiumerated factors to consider. In the case of refining 
processes we use and vary these factors one or more 
at once in order to improve the products and decrease 
their cost. In the case of transportation and storage, we 
find ourselves in an entirely different position. We are 
now in a position of defense. The gasoline and crude 
oil must be defended against the inroads of these very 
same factors. 


The history of transportation and storage shows that 
up to about 15 years ago, the only factors given much 
consideration were the force of gravity and friction. 
The result of neglecting the other factors was tre- 
mendous losses in percentage of the volatile products, 
which at the same time lowered the quality. 


Along about 1921, the oil industry began to grow 
conscious of this fact. The first of the factors partially 
controlled was temperature; next, pressure, and volu- 
metric expansion. 


At first it was a general belief among executives and 
some engineers that evaporation losses could be re- 
duced only partially. They thought there must occur a 
considerable loss in any container. The developments of 
the present time, however, refute that idea. As a theo- 
retical proposition, evaporation losses can be entirely 
eliminated if the correct process is applied to the prob- 
lem at hand. It can be done on an economical basis, 
also. As a business proposition, it may not always be 
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best to stop all loss, but practically all loss can be 
stopped with financial and material advantage. In most 
cases the price of gasoline cannot get so low that it will 
not pay to stop evaporation for the simple reason that 
the system to stop the loss will pay for itself at a price 
per gallon which is far below the cost of producing 
gasoline. 

A great many devices and materials have been de- 
veloped and used which have decreased evaporation and 
fire losses. This paper describes the balloon system only. 

The complete balloon system consists of: 

1. The balloon. 

2. Special vent valves at the balloon. 

3. Vapor lines interconnecting the storage or working 
tanks and the balloon. 

4. Tank fittings, comprising, a. gastite vent valves set 
at a pressure higher than the venting pressure of the 
balloon ; b. special gauging and sampling device; c. man- 
ometer for correcting gauge readings. 

5. Supply of gas to the balloon with valve auto- 
matically operated by the balloon. 

The balloon system involves not only a process but 
also a device which is a very low pressure, all steel, dry 
gas-holder having no “‘seal.” It depends for its change of 
volume upon the slight flexing of two steel diaphragms. 
This device is called a “balloon” for the reason that this 
word best describes its operation. The development of 
this balloon has been the most important part of the 
development of the whole system. 

To bring the balloon system for the prevention of 
evaporation and fire in oil and gasoline tanks to its 
present state of development has taken about seven 
years. The important features of this development will 
be noted for the purpose of a better understanding of 
the finished product. 


The first experimental balloon was built in 1929 at 
Okmulgee, Oklahoma. It was designed to determine 
something about the amount of pitch that could be given 
the top diaphragm without risking failure due to exces- 
sive flexing. In a 50-foot diameter diaphragm, a pitch of 
36 inches in 15 feet of radius was built. This was quite 
evidently too great, even though it had completely flex- 
ible areas for relief. It did operate, however, but was 
abandoned without putting it into service. 

Another problem in connection with this whole proc- 
ess is to keep the pressure on the cone-roofed storage 
tanks as low as possible for several reasons. Therefore, 
the next balloon was built with the idea of determining 
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whether this type of structure could be built of very thin 
galvanized plates. Hence, in 1930, a 90-foot diameter, 
22,000 cubic foot commercial installation was made, 
using 22-gauge galvanized steel sheets. These were only 
1/32-inch thick. 

A hook seam, with cement and a small rivet at about 
6-inch spacing was used. A pitch of 18 inches in 20 feet 
of radius was built into the upper and lower diaphragms, 
which was in the range of experience with the breather 
roof. This structure operated successfully for several 
years connected to one 55,000-barrel gasoline tank. 
Though this type structure could be built in this manner 
if sufficient care and expertness were used, it was 
deemed too difficult for a production specification. 

Between 1930 and 1932 several experimental balloons 
were built to test various types of design and methods 
of construction. 

In the spring of 1933 a 128-foot diameter, 100,000 
cubic foot balloon was built which had a 16-gauge 
welded steel top and a 14-gauge welded steel bottom. 
This structure also embodied the principle of flexing the 
peripheral portion of the bottom and operating the bal- 
loon throughout its whole range of volume under a 
slight pressure. (Some of the early balloons had op- 
erated for a part of their volumetric range under a 
slight vacuum). It was determined from this structure 
that 16-gauge could be successfully welded and would 
operate. But again, for a production job 16-gauge was 
believed to be too thin. 

In 1933 and 1934, four large balloons and a small 
one were built, ranging up to 350,000 cubic feet capacity, 
having 14 diaphragms and 11 shells. During the building 
and operation of all these balloon systems it became evi- 
dent the extremely low pressures—namely, from %- 
inch to 1 inch of water—which had been striven for— 
were not necessary if all the tanks connected to the sys- 
tem were really gastite and had the proper fittings for 
their operation. 


Therefore the balloons built in 1935 and thereafter 
had 1l-gauge diaphragms, both top and bottom. With 
this weight of metal it is easy and practicable under 
regular conditions of steel plate construction to get a 
good welded job. The working pressure range is from 
1 inch to 1% inches of water. This higher pressure is 
just about equal to the weight of a 3/16-inch plate cone 
roof. 


When the balloon is full and venting the cone roof is 
not quite lifted off its rafters and hence no strain is 
placed upon it. In this connection it may be pointed out 
that the balloon is always lower than the tops of the 
tanks and hence the vapor column, which is heavier than 
air, throws a pressure varying from %-inch to %-inch 
of water, depending on the richness of the vapor and the 
net height of the vapor column. Thus the entire pressure 
thrown by the balloon is not applied at cone roof. 


Nothing has been said about technical details and 
principles involved in the design and operation of the 
balloon. It should be stated, however, that the venting 
mechanism for both pressure and vacuum is operated by 
the balloon diaphragms, which give tremendous power 
for operation. Thus they can be designed so that they 
are gastite and stay gastite, but still will open when 
necessary even though the seat may have ice on it. 

An enumeration of the parts of the balloon as it is 
built today for balloon systems is as follows: 

An 11 steel welded top diaphragm sloping down- 
wardly toward the center. 

An 11 steel welded bottom built on an earth grade 
shaped so that the peripheral portion of the steel bottom 
slopes upwardly until it meets the top and then slopes 


downwardly toward the center in such manner as to 
support the top when the balloon is empty. 

A vertical shell which joins the peripheries of the top 
and bottom diaphragms. 

Compression girders at the top and bottom of the 
shell. 

Counterweights attached to the shell equal to the 
weight of the shell and a portion of the bottom dia- 
phragm. 

Devices placed on the top diaphragm which com- 
pletely control its shape at every state of filling or 
emptying. 

A single valve for both pressure and vacuum relief, 
actuated by the movement of the balloon during normal 
operation. 

A double automatic siphon drainage system at the 
center. 

A volumetric recording device is optional. 

Special vent valves at balloon. 

In order that the balloon itself, as well as the tank- 
age, may be made completely safe against failure under 
any circumstances, such as accidentally blinding the 
balloon so that it had no vents or an excessive tem- 
porary snow load or a cloudburst, which would accumu- 
late a great load of water, the balloon is equipped with 
an emergency valve which is sealed by a mixture of 
glycerine and water. It is so designed that it cannot be 
clogged or sealed shut in any manner. It should be so 
installed on the balloon that it can never be blinded. 
One or more of these valves placed along the vapor 
lines is a very cheap safeguard against pulling in tanks 
by sudden vacuum or by failure of tank vents to operate 
due to sticking. In a normal operating system these 
emergency valves never open. 


VAPOR LINES 

The principal problem is to get large diameter lines 
installed at a low cost. Standard type pipe with thick 
walls costs too much, for the two-fold reason that the 
pipe itself has a high cost and, secondly, the cost of 
the support and installation is high. Thus, thin-walled 
pipe was adopted. 

One of the early installations had a pipe of special 
design, being made up in the field. It was of 22 gal- 
vanized iron, octagonal in cross-section, with a special 
cast iron ring for the joint, and a hooked and soldered 
seam. It worked out satisfactorily, the main objection 
being that special tools and technique were necessary 
to manufacture it. The final result has been to buy all 
pipe ready fabricated, or to roll it in the shop and weld 
all seams in the field. All fittings are cut and welded in 
the field. The gauge used is from 14 to 11. Using such 
light pipe makes it possible to use very light angle iron 
supports in concrete bases at from 30 feet to 40 feet 
centers. The pipe is placed just above ground or as high 
as local circumstances demand. If possible the pipe 1s 
maintained in a hydraulic gradient from tank to balloon. 
In any case an automatic siphon drain is placed at each 
low point so that: liquid will never fill the pipe. Ordi- 
narily the vapor line is connected to the tank at one ot 
the existing openings. Such connections are made with- 
out taking the tank out of service. 

Provision is made so that any or all tanks can be 
shut off from the balloon system. 

Vent Valves. At present any standard make of vent 
valves can be used on the tanks. These must be set at a 
pressure which is in excess of that at which the balloon 
vents, since all venting (if there is any) should be con- 
trolled by the movement of the balloon diaphragms. 

Gauging. It is preferable to use a gauge well which 

(Continued on page 534) 
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Present Day Tendencies in 


Petroleum Cracking 


RACKING, has probably become the most impor- 
tant single operation in petroleum refining. Even a 
sketchy consideration of the subject is impossible in a 
paper of the size and scope of this one. It is therefore 
necessary to limit our field to the cracking practice best 
fitted to serve this particular locality. In attempting to 
do this, we would like to set forth a few general char- 
acteristics of this area which have a bearing on refining 
and more particularly on cracking. 

In the first place, topped crude is the most commonly 
available charging stock. There are, of course, instances 
of gas oil cracking and also of reforming. Since time 
is limited, we shall deal primarily with cracking plant 
design for operation on topped crude, bearing in mind 
that a well designed cracking unit for this purpose can 
be applied to the handling of lighter stocks when such 
need arises. 

In the second place, refinery locations in this area at 
times were chosen more with an eye to crude supply 
than to markets. Many refiners in these parts have de- 
veloped a considerable local market which is served by 
tank truck delivery and several refiners have access to 
gasoline pipelines, but by and large, the average refiner 
must find a distant market served by tank car delivery. 
This fact makes it imperative that the quality of the gas- 
oline produced be equal to or better than the competi- 
tive products available in these distant markets. There 
is always a considerable market for a lower grade prod- 
uct at a reduced price. But this is not good business 
for the refiner, since high quality products that will sell 
for top prices can be produced with modern equipment 
at a cost no greater than the present cost of the lower 
grade products. 


Since, as above stated, the primary market of the 
average refiner of this area is rather distant from the 
point of manufacture, it is necessary that the cost of the 
product be kept low in order that these distant markets 
may be served at a profit. If the production cost can 
be lowered without sacrifice of quality, this advantage 
may be taken as an additional profit. But even more 
important is the fact that with a lower cost quality 
product, the marketing area can be increased from any 
given refinery location. In view of the present clash 
for marketing territory, this point is of major impor- 
tance. 

We dare not forget that a refinery is a commercial 
institution, and without profits it cannot exist. Neither 
can we overlook the fact that the first cost of a unit 
affects the operating cost since fixed charges are ines- 
capable in setting up cost figures. And these fixed 


charges are substantially in direct ratio to the first cost 
of the unit. However, there is certainly no sound rea- 
son behind attempts to cut first cost of cracking plants 
by cheapening the construction. Keeping the first cost 
down can better be accomplished by simplification of 
detail and by use of newer types of equipment which 
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are entirely satisfactory for the purpose but which 
cost less to fabricate or erect. In short, we believe it 
sound to place emphasis on better engineering rather 
than on cheap equipment in order to reduce plant costs. 

In order to be specific, we shall discuss features of 
one particular type of cracking unit in its relation to 
the older types and shall also attempt to correlate 
trends in design with benefits to be derived from re- 
sultant changes. 

The tube furnace or heater is rightfully considered 
the most important piece of equipment in a cracking 
unit. There is not time to attempt to trace the develop- 
ment of heaters. Suffice it to say that most of the 
early tube furnaces applied to the cracking art were 
of the convection type, wherein combustion was com- 
pleted in one compartment, following which the com- 
bustion gases were led over a bridge wall and down- 
ward through a convection bank and thence to the stack. 
Then came radiant tube sections. 

In the early furnaces and even today in many, the 
radiant tubes were or are disposed along the ‘walls, 
roof or floor (or all three) of the compartment which 
in convection furnaces was used for combustion only. 
Gas flow is still downward through the convection tube 
bank. This was a natural development for the time, 
since many furnaces were originally built for convection 
banks only, and later, radiant tubes were added, these 
being placed near the walls and roof of the combustion 
chamber. But certain disadvantages are inherent in 
this type of furnace. Principally, they are: 

First, the normal flow of flame and combustion gas 
is horizontal, then vertical, then horizontal again, and 
finally downward. Such a flow is not easily directed. 
There results flame impingement and hot spots, with 
consequent coking troubles and oxidation of tubes. 

Second, cold spots are present, especially in or near 
corners of the rectangular combustion chamber, re- 
sulting in loss of effectiveness as a heater and in extreme 
cases, the deposition of coke due to cooling of oil on 
the way through the furnace. 

Third, because of flame impingement troubles, the 
combustion chamber is of necessity made large. The 
resultant heater is expensive to build. 

In the meantime, at least one company interested in 
cracking plant development, built experimental heaters 
from which were obtained results both surprising and 
gratifying. These experimental heaters proved beyond 
any reasonable doubt that much higher heat input to 
radiant tubes could be satisfactorily achieved if flame 
and gas travel were better controlled and also, if walls, 
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flame, and tubes were more favorably disposed one to 
the other. Out of this experimental work, plus a lot of 
field experience, grew a furnace of a new type. 

In this furnace, the flame and combustion gas flow 
are entirely upward, first along both sides of a centrally 
located bridge wall and thence upward through the 
convection bank. Radiant tubes are arranged along the 
side walls, opposite the flame and bridge wall, the lat- 
ter acting as radiator. Tubes also bridge over the top 
of the combustion space. The convection bank con- 
tinues upward. Stack gases are collected by a breech- 
ing and led to a conventional stack. As will be noted, 
the travel of flame and resultant combustion gases, is 
substantially in a straight line upward. 

This arrangement avoids hot spots, cold spots and 
flame impingment and makes possible high heat input 
to the tubes without operating difficulties. And per- 
haps surprisingly enough, it is distinctly a low cost 
heater. 

Two rows of burners are present, one alongside each 
side of the bridge wall. When desired, the coil can be 
arranged so that a controlled heating curve can be had, 
since the furnace is effectively divided into two sepa- 
rate combustion chambers, each with its own set of 
burners and radiant tubes. 


A controlled heating curve is particularly desirable 
when cracking gas oil or lighter materials, as for in- 
stance, in the light oil furnace operation of a two coil 
unit. On the other hand, the upshot furnace design also 
permits arranging the tubes in two parallel coils. This 
is especially desirable when cracking heavy oil, since it 
effectively reduces the time of passage of oil through 
the coils. 


Two-coil cracking has just been mentioned. Of 
course, any reasonable number of coils can be used but 
we have in mind a unit of moderate cost. In two-coil 
operation, the feed to the furnaces is fractionated into 
a gas oil of about 26 gravity and a heavier oil of say 
20 gravity. Each is subjected to the most favorable 
temperature pressure conditions for the particular type 
of stock. This results in a distinct improvement in oc- 
tane number of the gasoline. As a sample, one two-coil 
unit is producing from Kansas top-bed crude a 400 
endpoint gasoline of 69 octane. Another 68 to 69 oc- 
tane. Operators of very large cracking units can profit- 
ably consider three-coil or even four-coil installations 
but the two-coil unit is ideal for moderate sized refin- 
eries. Multicoil cracking may be considered one of the 
distinct trends at this time, largely because of the higher 
octane gasoline produced thereby. 


Another distinct trend that has been under way for 
several years and is still gaining favor, is the full crack- 
ing of the raw feed by putting it in its entirety through 
the furnace. In the earlier days of cracking means of 
preventing coking difficulties were not as well worked 
out as at present. Hence there was the tendency among 
operators to go the easier way and discard the heavier 
portion of the raw feed without putting it through the 
furnace coil. This was conducive to prevention of cok- 
ing troubles with their consequent forced shut downs. 
But the penalty was and still is heavy. 

In the first place, the fuel oil or residuum thus pro- 
duced is a high viscosity, high cold test product which 
in many instances is not readily marketable. Viscosity 
breakers have in many instances been installed to over- 
come the difficulty but this is expensive and complicates 
the plant unnecessarily. 

In the second place, yields of gasoline are distinctly 
lower when the whole oil is not cracked. Estimates on 
this point vary but our observation is that plants that do 
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not put the whole oil through the coil, yield 5 to 10 per- 
cent less gasoline of a given end point. This percentage 
is based on net throughput of the unit. 

In view of the foregoing, it is obvious that the differ- 
ence in results obtained by not cracking or by cracking 
the whole raw feed are very considerable. In the mean- 
time, knowledge of controlling coke formation has been 
developed so that today a multitude of cracking units are 
showing the better results of total cracking and are at 
the same time giving very satisfactory length of runs. 

Another tendency in cracking operation is toward 
the use of a reaction chamber, rather than a soaking 
bank. This is in a sense a corollary of heavy oil crack- 
ing. Now of course, reaction chambers are as old in use 
as cracking plants, but we have in mind a later form as 
applied to recent units. 

A soaking bank works rather satisfactorily with cer- 
tain gas oils and lighter charging stocks. But its use be- 
comes almost impossible when heavy oils are cracked, 
because of coking difficulties in the tubes. In our opinion, 
the best present day practice for heavy oil cracking, con- 
sists of very high velocity short time factor treatment 
in the heavy oil coil. Following this the total products 
therefrom (without reduction of pressure or tempera- 
ture other than normal losses) are led immediately to a 
reaction chamber so disposed that liquid products are 
quickly discharged while vapor products are held for a 
longer time. The combined effects of these methods are: 


First, the short time element and high velocity in fur- 
nace coil by maintaining an intimate mixture within the 
tubes, prevents coke formation or over-cracking. 

Second, heavy oils are quickly ejected from the re- 
action chamber, thus preventing overcracking of these 
less refractory hydrocarbons. 

Third, the lighter hydrocarbons are retained for a 
predetermined time period, during which time, cracking 
continues. This time period can be adjusted to the needs 
of a particular stock by adjusting the pressure on the 
chamber. In a very real sense, a reaction chamber of this 
type becomes an aid to selective cracking. 

Another tendency in present day cracking is toward 
intermediate pressures in the main fractionating column. 
There is not time to discuss properly the function of 
fractionation in a cracking plant. But such a discussion 
is rather unnecessary anyway, since nearly everyone in- 
volved in the operation of refinery units has a pretty 
fair knowledge of their function. 


Fractionators (ofttimes referred to merely as bubble 
towers) in various units that have come to our notice, 
have been operated in some instances as low as 20) 
pounds gauge pressure and in others as high as 300 
pounds. In our opinion, best practice lays between 70 
pounds on the low edge and 120 pounds as the upper 
limit. 

There is considerable difference in charging stocks, 
and other conditions enter in, so that there will probably 
always be some divergence on this point. But with pres- 
sures distinctly below the above range, the size of the 
fractionator, flash chamber and condensers all become 
rather large and therefore expensive. But more serious 
is the fact that loss of light products is much more 
serious at lower condenser and fractionating pressures. 


Of course, practically all cracking plants are now 
equipped with vapor recovery units. Even so, this latter 
part of the plant is of necessity more elaborate and ex- 
pensive when the cracking plant fractionator is operated 
at decidedly low pressures. Low fractionator pressures 
also increase circulating pump loads by lowering pump 
suction pressure, and increase furnace load by decreas- 
ing oil temperature to the furnace. 
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On the other hand, too high fractionator pressures 
quickly lead into trouble. First, because higher pres- 
sures automatically carry with them higher tempera- 
tures. The latter ultimately reach a point where coking 
occurs in the fractionating system, particularly in the 
flash chamber (or evaporator). 

Second, as above mentioned, temperatures increase 
in the vessels involved as pressures are increased, but 
not rapidly enough to overcome the tendency for gaso- 
line to remain in the feed to the furnace or furnaces. 
This latter results in reduced plant capacity on one hand 
and low gasoline yields and high losses on the other. 

Third, for the same reason, the flash point of the 
residuum may be too low if too much pressure is carried 
on the fractionating equipment. 

In this connection we mention briefly a practice that 
is favored by many. The residuum is flashed in a sec- 
ondary chamber and reduced to a low gravity and high 
viscosity. Resulting gas oil from this flash is returned 
to the cracking cycle. The low gravity residuum is cut 
back to marketable specification by light oil from the 
cycle. An increase in gasoline yield results. It may be 
questioned whether this increase justifies the cost and 
complication in the case of very small units. Larger 
units can profitably follow this scheme. 

Pumping units for furnace oil circulation are of 
prime importance. Several well established types and 
makes are available but it is not within the scope of this 
discussion to cover this matter. However, we should like 
to mention briefly the prime movers for these units. 

Originally, hot oil circulating pumps were direct 
driven steam pumps, either duplex or simplex. Then 
followed cross compound duplex pumps. Later came 
crank and flywheel steam driven pumps, quite often with 
vacuum condensers. This latter type of pumping unit is 
still quite commonly used. Steam turbine or electric 
motor driven centrifugal pumps, gas engine driven and 
Diesel driven power pumps complete the list. 

So many considerations enter into choice of pump 
drive that it is impossible to generalize too much. We 
may say, however, that for this area, steam is coming 
into some disfavor. The first cost of a steam driven unit 
is always high if boilers are taken into account. Aside 
from this is the fact that water conditions are generally 
bad and boiler maintenance is no small problem. 

Electric drive is expensive in operation, especially 
when current is purchased from the outside. Gas engine 
drive is moderate in first cost, low in operating cost, but 
lacks just a little in reliability, because refinery gas pre- 
sents difficulty making it advisable to purchase gas from 
the outside, which in turn makes the unit liable to 
trouble from outside fuel difficulties. However, if a thor- 
oughly reliable source of natural gas is available, gas 
engine drive is satisfactory. 

In our opinion, Diesel drive is about the most satis- 
factory for general use. It is moderately expensive, but 
very reliable, very moderate in operating cost and is 
operated on fuel produced by the cracking plant itself. 
Therefore, it is not subject to outside fuel difficulties. 

For purposes of fuel cost comparisons, let us assume 
150 hydraulic horsepower load to drive hot oil pumps of 
a moderate sized cracking plant: 

First, assume an electric driven power pump with 
current at 7% cent per K.W. hour. This computes to 
$1.25 per hour or $900.00 per month. 

Second, assume a crank and flywheel unit with con- 
denser, having a steam duty of 20 pounds. Assume firing 
boilers with 1000 B.t.u. gas valued at 10 cents per 
thousand, or fuel oil at 60 cents per barrel, and charging 
for the fuel only. This computes to 58 cents per hour, 
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or $417.00 per month. This includes no charge for 
boiler maintenance. 

Direct driven steam pumps will cost from three to 
five times the above. 


Third, assume Diesel drive using gas oil at 3 cents 
per gallon. This computes to 34 cents per hour or $245 
per month, 

Fourth, assume gas engine drive using 1000 B.t.u. 
gas and 13 feet per H.P. hour. This computes to 24 
cents per hour or $168 per month. 

The above figures may vary depending on constants 
chosen, but the comparison is fair. 

One of the more recent improvements in cracking 
plant design has been the change to open type condens- 
ing and cooling units. By open type, we mean tubular 
sections of the type which are set above a pit and over 
which cooling water is sprayed or otherwise distrbuted. 
Submerged sections set in a box, although much used, 
are not entirely satisfactory because even when fairly 
new and clean, the transfer rate is low. Worse, how- 
ever, is the fact that scale and dirt collect rapidly, thus 
rendering the unit ineffective. Because of being installed 
in a box, cleaning the tubes is difficult and such cleaning 
can only be done while the unit is shut down and the 
boxes drained. The net result is that they are seldom 
cleaned and the streams are often warm or hot. Open 
sections operate at a much higher transfer rate. Less 
surface is required and the first cost of the plant is 
lowered appreciably. Equally important is the fact that 
the scale can be removed much more easily, thus mini- 
mizing warm stream difficulty and loss. 


While open spray sections have been in wide use for 
several years in the natural gasoline industry, neverthe- 
less the refining industry has been slow to adopt them. 
Part of this is natural resistance to change. But more of 
it is the feeling that in case of a water. supply failure, 
the water in the box around the submerged coils will 
serve to prevent a serious situation arising due to escape 
of uncondensed vapors. This matter, however, can be 
handled by a water reservoir back of the spray system, 
or by tying in city water where same is available, or 
by duplicate water pumping equipment. Many open type 
coolers and condensers are in successful refinery opera- 
tion and their use is coming into favor. 


Vapor recovery and stabilization is no small part of 
a cracking unit. A few years ago, cracking plants were 
built without including such equipment. The result was 
a severe loss of the best gasoline hydrocarbons, amount- 
ing to as much as 10 percent of all the gasoline pro- 
duced by the cracking plant. Several points of octane 
rating were lost as a consequence. At the same time, the 
gasoline was not properly stabilized, that is, it still con- 
tained propane in solution. 


During this period, vapor recovery plants as separate 
units were widely installed and in most cases were quite 
satisfactory and proved to be excellent investments. 
These earlier plants were for the most part an adapta- 
tion of natural gasoline oil absorption plant designs. A 
number of compression and direct fractionating units 
were also installed. These were a descendant of the Ger- 
man Blau gas patent stabilizer. 


More recently, however, cracking plant and vapor 
recovery plant engineers have gotten closer together 
with the result that both cracking plant and vapor re- 
covery plant have been modified so that the two can be 
more conveniently tied together. This results in a much 
simpler, lower cost and more satisfactory combined unit 
than was heretofore possible. At present, almost all 
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cracking units are designed and built with vapor recov- 
ery and stabilization equipment included. 

In these later recovery units, heat for stabilization is 
taken from the cracking cycle by circulating hot oil 
through the reboiler or reboilers. Absorption is practiced 
in order to prevent loss of pentane and heavier with 
cracked gas. Absorption menstruum in one form of unit 
is a naphtha which in reality is the heaviest third of 
the cracked gasoline itself. In another type of unit, ab- 
sorption menstruum may be either gas oil from the 
cycle, or cold raw feed. Stabilization is properly per- 
formed so that finished product is commonly propane 
free, and with butane content so controlled that the 
cracked gasoline leaves the unit at required vapor pres- 
sure for shipment. 

In the average refinery there is produced by cracking, 
more butane than can be retained in the finished cracked 
gasoline. But in the average sized refinery, this excess 
butane is not available in sufficient quantity to justify 
marketing it separately or using it for gas cracking or 
reforming. However, generally speaking, a good deal of 
this butane can be added to the straight run gasoline. 

In certain areas and particularly in Kansas, this 
method of butane conservation has not been feasible be- 
cause of color instability when a small volume of 
cracked gasoline and a larger volume of straight run 
gasoline are blended. At the present time there is at 
least one treating process coming to the fore, by use of 
which this difficulty is apparently overcome. 

Blending excess light cracked hydrocarbons into 
straight run gasoline as a means of increasing cracking 
plant yields, has been practiced in several Mid-Conti- 
nent refineries for several years. But none of them are 


in this district for reasons above stated. One Kansas 
refiner is equipped to do so, as soon as treating difii- 
culties are overcome. 

At this time, polymerization of unsaturated com- 
pounds (principally olefins) present in cracking still 
gas bids fair to become the next important development 
in the cracking art. One or two processes are now 
available to large refiners but it can scarcely be said that 
the art has been perfected to the point where a moderate 
sized unit can be profitably operated. We believe that 
within the next year or two, details of processing will 
be improved to the point where smaller refineries will 
find it profitable to polymerize their gas. 

The value of polymerization lies in part in the fact 
that additional gasoline is produced from gas that is 
now used as fuel, but the larger value of the process 
lies in the fact that the gasoline so produced has an 
extremely high octane rating and an even higher blend- 
ing power, so that a small amount of gasoline so pro- 
duced can be used to raise the octane number of all the 
cracked gasoline. Polymerization practice is developing 
along two principal lines. One process utilizes a catalyst 
and operates at relatively low pressures and tempera- 
tures. Other processes use very much higher pressure 
and temperature, but no catalyst. 

In the design of cracking units to meet present day 
requirements, one principal requirement not heretofore 
mentioned, is flexibility in operation. 

Flexibility in a cracking plant can probably best be 
achieved, not by adding gadgets Christmas tree fashion, 
but rather by sound processing and by equipment capa- 
ble of overload in regard to capacity, pressure and tem- 
perature, so that operating conditions can be varied to 
meet changing requirements. 


The Wiggins Balloon Systems 
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reaches to within about one foot of the tank bottom. 
This device makes a fool-proof condition. The gauger 
cannot allow any vapor to escape. A manometer is read 
in conjunction with the tape reading to get a correct 
result. Automatic gauges are also good where it is per- 
missible to use these. 

Sampling. The best sampling device is a number of 
small diameter pipes placed at various elevations, pro- 
jecting about three to five feet inwardly from the shell 
and terminating at the bottom of the tank on the out- 
side, where a control valve is placed. If it is imprac- 
ticable to install these, a second thief hatch cover is 
placed inside the existing one. This allows sampling with 
a very small amount of vapor loss, since this second 
cover is kept closed while running the cord through a 
small slot. 

Make-up Gas. No matter how large the balloon, 
within reason, there will be times when it is empty and 
will then have to take in either air or some other gas. It 
is better to take in a permanent dry gas other than air. 
Thus in a short time all the air and therefore practically 
all the water vapor will be eliminated from the system. 
The benefits from this condition are principally two: 








first, the entire system cannot explode or catch fire in- 
ternally even by spontaneous combustion because there 
is no oxygen present; second, the internal corrosion of 
balloon, piping.and tankage will be very much decreased 
since not only is oxygen absent but also water vapor is 
decreased to the point where it will not condense. 

Dry, permanent sweet gas should be piped to the bal- 
loon, where it can be used for make-up when necessary. 
It is allowed to flow into the balloon system through a 
valve which is operated by the balloon diaphragm just 
before the balloon becomes empty. 

Maintaining the entire vapor space of the balloon 
system free of water and oxygen is one of the important 
assets of the entire process. It tends to make it fire 
safe and corrosion free. 

A properly designed balloon system will stop prac- 
tically all evaporation loss from both working and stor- 
age tanks. In the case of working tank losses, there 
should be a sufficiently large group of tanks so that the 
pumpings come somewhere near balancing. Depending 
upon the size of the plant, this figure may be from a 
few thousand gallons to several thousand barrels per 


day. 
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